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ABSTRACT

AMORPHOUS-CRYSTALLINE BRUSH BLOCK COPOLYMERS:
PHASE BEHAVIOR, RHEOLOGY AND COMPOSITE DESIGN
SEPTEMBER 2019
GAYATHRI NIVEDITHA KOPANATI
B.Tech., NATIONAL INSTITUTE OF TECHNOLOGY, WARANGAL INDIA
M.E., INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor James. J Watkins
Bottlebrush block copolymers are polymers with chemically distinct polymer side
chains grafted onto a common backbone. The unique architecture induced properties make
these materials attractive for applications such as photonic materials, stimuli responsive
actuators and drug delivery vehicles to name a few. This dissertation primarily investigates
the phase transitions and rheological behavior of amorphous-crystalline bottlebrush brush
block copolymers and their composites. The temperature induced phase behavior is
investigated using time resolved synchrotron X-ray source. Irrespective of volume fraction
and backbone length, the samples display strong segregation even at high temperatures
(200 °C) and there is no accessible order-disorder transition in the temperature range of 25200 °C. The isothermal crystallization kinetics reveal a two-stage crystallization process,
different than that observed in linear block copolymers. A considerable part of this
dissertation is focused on the study of the effect of hydrogen bonding additives on the
relaxations of brush block copolymer. The additives greatly enhance the mechanical and
vii

physical properties of the pristine polymer. The small molecules also impart a gel like
characteristic due to the formation of physically crosslinked network.

Finally, the

understanding of the brush block copolymer systems from the previous studies and
literature is used to study the self-assembly of nanorods using brush block copolymers as
templates.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Linear Block Copolymers
It is reasonable to say that polymers play a vital role in addressing many global
concerns in major fields such as sustainability, energy, and health care.1 Polymers gain
their popularity not only because of the obvious reasons such as ease of synthesis, cost
effectiveness, tunable properties but also due to their intrinsic dimensions and phase
segregation in case of block copolymers. Block copolymers (BCP) are linear or nonlinear
arrangements of segments of two or more distinct monomers. The BCPs are classified into
different classes based on the arrangement, the number of distinct monomers, and the
structure of the polymers. The simplest case of these block copolymers is the diblock
copolymer (dBCP) composed of two blocks of chemically distinct polymers. Usually, the
two blocks are not compatible and segregate into different domains resulting in a variety
of self-assembled structures or morphologies.2 3 The covalent bonding between the distinct
monomers results in microphase segregation rather than macrophase segregation. The
absence of chemical linkage is the reason for macrophase segregation in polymer blends.
The microphase segregation can result in good mechanical properties which are important
for many applications such as nanoimprint lithography, drug delivery, photonic materials
and many others.4, 5, 6

1

Figure 1.1 Self-assembled morphologies of a diblock copolymer system possible by
varying volume fraction of one of the blocks (adapted from ref 4).
Several different polymer architectures are possible by rearrangement of distinct
polymer segments.7 As mentioned earlier, the simplest of these architectures is the diblock
copolymer. The next simplest of the arrangements is triblock copolymers: commonly
denoted as ABA where A and B are the two blocks of the polymer. Some of the other
architectures include graft, cyclic, branched and star copolymers.8 Figure1.2, shows a few
possible AB type polymer architectures.

Figure 1.2 Illustration of different architectures of block copolymers (adapted from ref
8).
The polymer architecture is crucial for the selection of synthesis techniques.9
Moreover, the architecture plays an important role in determining the properties of the

2

resultant materials.8 10 For example, the thermal transitions of block copolymers and graft
copolymers are similar to that of blends. They display two different glass transitions and
crystallization/melting temperatures pertaining to each block. However, a random and
short branched BCP which is homogeneously distributed has only one characteristic glass
transition temperature.11

Moreover, the BCPs can crystallize while crystallinity is not

favored with random copolymers due to the chain irregularity. High-density and lowdensity polyethylene (HDPE and LDPE, respectively) are good examples to describe the
effect of branching in polymers. Low degree of branching in HDPE makes it stiffer while
LDPE which has both long and short branches is more flexible.11 12
Over the last few decades, there is a rapid advancement in the field of polymer
synthetic chemistry which allows the synthesis of BCPs with precise control over
molecular weight, dispersity and architectures.

These advancements along with the

features of traditional macromolecular architectures resulted in the synthesis of more
complicated polymer structures such as polymer brushes and combs.13 Among these
architectures, the brush block copolymers have been of great interest due to their unique
structure-property relationships.14 15 16
1.2 Brush Block Copolymers
Brush block copolymers (BBCP) are a relatively new class of block copolymers
where distinct short polymer chains are densely grafted on to a common polymer backbone.
In BBCP, the backbone units have at least one polymer branch, resulting in a very high
density of side chains. This further results in steric hindrance between the side chains
causing the side chains and the backbone elongation.17 It is because of the stiffness of the
backbone induced due to the side chain steric congestion, the BBCP adopts a worm like
3

chain conformations.18 The backbone elongation in BBCP with side chains below their
entanglement molecular weight has been proved to reduce entanglements in melts even in
very high molecular weight polymers.19

17

Reduction in entanglement density promotes

more rapid self-assembly into ordered morphologies which is not possible in high
molecular weight linear BCPs due to entanglements.20 Gu et. al. recently studied the faster
dynamics of self-assembly in symmetric BBCPs using in situ X-ray scattering techniques.21

Figure 1.3 Schematic of brush block copolymer with two different side chains (red and
blue) anchored to the backbone (black).
They reported that a BBCP of 118 kDa molecular weight assembled in 5 minutes when
annealed at 130 °C. The self-assembly of higher molecular weight polymer required 1
hour while a linear BCP of 50 kDa did not display an ordered morphology even after 24 h
of annealing. The large molecular weight BBCP self-assembles into structures with large
periodic spacings.22 In linear dBCPs, the domain spacing (d) scales with the total degree
of polymerization (N) and interaction parameter (χ) as given in equation1.1.23
𝑑~𝑁 2/3 𝜒1/6

(1.1)

However, the scaling in BBCPs was found to be very different than that of linear BCPs.
Gu et al. reported the scaling for two families of BBCP with different side chain lengths.
The domain spacing was fit to a power law 𝑑~𝑁 𝛼 .21 The exponent α was found to be 0.91
for low molecular weight side chains and 0.84 for higher molecular weight side chains.
4

This large scaling exponent was attributed to extended conformation of BBCP backbone.
In recent reviews, Dalsin et al. reported that the scaling was dependent on the backbone
length, not on the side chains.24 The scaling increased with the backbone length and ranged
from 0.3 to 0.9.

Figure 1.4 (a) Illustration depicting different length scales in BBCP(adapted from
reference 18) (b) power law scaling relation between the periodic spacing (Lo) and the
number of backbone units (N) (adapted from reference 21).
The extended conformation and rigidity of the backbone in BBCP can be attributed to the
steric repulsion of the side chains, though, the effect of side chains on the bending of the
backbone is still ambiguous. The stiffness or the flexibility of the backbone is determined
by its persistence length (lp). The persistence length of BBCP in dilute solutions scales
with the polymerization of side chains (Nsc) as18,
5

𝛼
𝑙𝑝 ~ 𝑁𝑠𝑐

(1.2)

where, α is the scaling parameter which depends on the quality of the solvent. For a θ
solvent, α was found to be either 2/325 or 1.0126 and for good solvent, it can take any value
among ¾,25 1.1126 or 15/8.27 The decreased entanglements in BBCP melts effect the power
law scaling and are different from linear BCP and BBCP solutions. Paturej et al. reported
the effect of different length scales in BBCP on it’s 𝑙𝑝 using coarse grain simulations and
equilibrium scaling analysis.18 They demonstrated that the BBCP size is given by the
Gaussian statistics for grafting density, z ≤ 2.
〈𝑅 2 〉 ∝ 𝑁𝑏𝑏 𝑙𝑝

(1.3)

where 𝑁𝑏𝑏 is the degree of polymerization of backbone. The persistence length 𝑙𝑝 scales
with the side chain size and the side chains obey the Gaussian statistics.
1/2

2 〉1/2
𝑙𝑝 ∝ 〈𝑅𝑠𝑐
∝ 𝑁𝑠𝑐

(1.4)

It is evident from the above-mentioned literature that the steric repulsion between the side
chains and the backbone rigidity governs the behavior and properties of the BBCPs. The
backbone flexibility also effects the phase behavior of BBCPs.
The unique geometry and architecture induced properties make these BBCPs
attractive materials for wide range of applications which include photonic crystals, drug
delivery vehicles, sensors and many more. Unlike their linear counterparts, the BBCPs
self-assemble into morphologies with large domain spacings (well over 100 nm) and longrange order making them a suitable material for photonics crystals.17

22, 28 29

The large

domain spacings can interact with light in visible and IR region. Moreover, cylindrical and

6

spherical morphologies with large domain spacing can be used to prepare a porous material
by etching out the minor phase. Therefore, porous materials with large pore sizes can be
achieved using BBCPs. Further, the natural ordering of BBCPs and large domain spacing
can also be used to self-assemble nanoparticles to fabricate materials with interesting
engineering properties. In our group we are interested in using BBCPs as scaffolds to
incorporate high volume fraction of nanoparticles to study their photonic properties. Song
et al, used the ordering in PS-PEO to selectively incorporate gold nanoparticles in PEO
domain.30

28

Manipulation of the lamellar domain spacing, annealing times and gold

nanoparticle/PEO ratio can result in a shift in the wavelength of the absorbed light. This
illustrates the versatility of the BBCP in tuning the properties of the self-assembled
copolymers.
It is reasonable to say that the BBCPs offer a wide range of advantages over their
linear counterparts because of their unique architecture. It should also be noted that the
rigidity of the backbone governs the self-assembly and therefore the properties of the
BBCPs. It is because of this rigidity and other structural parameters (sidechain length,
backbone length, grafting density, and asymmetricity of side chains) that the majority of
BBCPs form lamellar morphology. Though there are reports of formation of non-lamellar
morphology, they are very few studies. Moreover, there are only a handful of reports that
discuss the phase transitions or phase behavior of these systems. This motivates for further
investigation of the phase behavior and rheological behavior of BBCPs.
1.3 Thesis Overview
This project was initiated with the aim of understanding the phase behavior and
relaxations of BBCPs which aid in the fabrication of new materials with enhanced
7

properties. The first chapter provides the background and current research in the BBCP
field.
In the second chapter the time and temperature resolved small angle x-ray scattering
(SAXS) and wide-angle x-ray scattering (WAXS) were used to investigate the temperature
dependent phase behavior of lamellae forming PS-PEO brush block copolymer. A series
of PS-PEO with three different volume fractions (PEO30, PEO50, and PEO70) and
different backbone lengths (PEO50, PEO50M and PEO50L) were synthesized using ringopening metathesis polymerization. Isothermal crystallization studies were conducted to
study the crystallization kinetics of PEO.
In chapter 3, the phase behavior of BBCP and additive composites was investigated
using SAXS and rheometer. The hydrogen bonding increased the phase segregation
strength and resulted in order-order transitions. Moreover, hydrogen bonding is commonly
used as a reversible noncovalent interaction to design supramolecular polymer with
superior properties. Characterizing such polymers and understanding the effect of
hydrogen bonding on the rheological behavior is crucial in designing complex materials
with enhanced performances.
poly(tertbutyl

We study the linear viscoelastic behavior of the

acrylate)-block-poly(ethylene

oxide)

(PtBA-b-PEO)

brush

block

copolymers (BBCP) blended with hydrogen bonding additives. The effect of additive
concentration (0, 10, 20 and 30 wt. %) and the number of hydrogen bonding sites per
additive (benzene hexacarboxylic acid -6COOH, benzene pentacarboxylic acid – 5COOH
and 1,2,3 benzene tricarboxylic acid- 3COOH) are studied using oscillatory shear rheology.
A power law scaling is used to describe the relaxations of the neat and composite materials.

8

In chapter four, we utilize the understanding from chapter 2 and 3 to design BBCP
nanocomposites. In this work, we use the large domain spacing of BBCP to incorporate
anisotropic gold nanorods into the BBCP which can be used for fabricating photonic
crystals with tunable properties. Seeded growth method was used to synthesize gold
nanorods using a surfactant. A lamellar forming PS-PEO BBCP was used as a scaffold to
self-assemble gold nanorods. We address all the challenges faced in this project.
1.4 References
1.

Ober, C. K.; Cheng, S. Z. D.; Hammond, P. T.; Muthukumar, M.; Reichmanis, E.;

Wooley, K. L.; Lodge, T. P., Research in Macromolecular Science: Challenges and
Opportunities for the Next Decade. Macromolecules 2009, 42 (2), 465-471.
2.

Leibler, L., Theory of Microphase Separation in Block Copolymers.

Macromolecules 1980, 13 (6), 1602-1617.
3.

Olvera de la Cruz, M., Transitions to periodic structures in block copolymer melts.

Physical Review Letters 1991, 67 (1), 85-88.
4.

Bates, F. S., Block copolymers near the microphase separation transition. 2. Linear

dynamic mechanical properties. Macromolecules 1984, 17 (12), 2607-2613.
5.

Park, M.; Harrison, C.; Chaikin, P. M.; Register, R. A.; Adamson, D. H., Block

Copolymer Lithography: Periodic Arrays of ~10&lt;sup&gt;11&lt;/sup&gt; Holes in 1
Square Centimeter. Science 1997, 276 (5317), 1401.
6.

Jeong, B.; Bae, Y. H.; Lee, D. S.; Kim, S. W., Biodegradable block copolymers as

injectable drug-delivery systems. Nature 1997, 388 (6645), 860-862.
7.

Pitsikalis, M.; Pispas, S.; Mays, J. W.; Hadjichristidis, N., Nonlinear Block

Copolymer Architectures. In Blockcopolymers - Polyelectrolytes - Biodegradation, BellonMaurel, V.; Calmon-Decriaud, A.; Chandrasekhar, V.; Hadjichristidis, N.; Mays, J. W.;
Pispas, S.; Pitsikalis, M.; Silvestre, F., Eds. Springer Berlin Heidelberg: Berlin, Heidelberg,
1998; pp 1-137.
8.

Feng, H.; Lu, X.; Wang, W.; Kang, N.-G.; Mays, W. J., Block Copolymers:

Synthesis, Self-Assembly, and Applications. Polymers 2017, 9 (10).

9

9.

Pyun, J.; Zhou, X.-Z.; Drockenmuller, E.; Hawker, C. J., Macromolecules of

controlled architecture. Journal of Materials Chemistry 2003, 13 (11), 2653-2660.
10.

Gregory, A.; Stenzel, M. H., Complex polymer architectures via RAFT

polymerization: From fundamental process to extending the scope using click chemistry
and nature's building blocks. Progress in Polymer Science 2012, 37 (1), 38-105.
11.

Weiss, P., Block copolymers – overview and critical survey, Allen Noshay and

James E. Mcgrath, Academic, New York, 1977, 516 pp. Journal of Polymer Science:
Polymer Letters Edition 1978, 16 (3), 151-152.
12.

Sastri, V. R., Chapter 6 - Commodity Thermoplastics: Polyvinyl Chloride,

Polyolefins, and Polystyrene. In Plastics in Medical Devices, Sastri, V. R., Ed. William
Andrew Publishing: Boston, 2010; pp 73-119.
13.

Rzayev, J., Synthesis of Polystyrene−Polylactide Bottlebrush Block Copolymers

and Their Melt Self-Assembly into Large Domain Nanostructures. Macromolecules 2009,
42 (6), 2135-2141.
14.

Chremos, A.; Theodorakis, P. E., Morphologies of Bottle-Brush Block

Copolymers. ACS Macro Letters 2014, 3 (10), 1096-1100.
15.

Verduzco, R.; Li, X.; Pesek, S. L.; Stein, G. E., Structure, function, self-assembly,

and applications of bottlebrush copolymers. Chemical Society Reviews 2015, 44 (8), 24052420.
16.

Miyake, G. M.; Piunova, V. A.; Weitekamp, R. A.; Grubbs, R. H., Precisely

Tunable Photonic Crystals From Rapidly Self-Assembling Brush Block Copolymer
Blends. Angewandte Chemie International Edition 2012, 51 (45), 11246-11248.
17.

Sveinbjörnsson, B. R.; Weitekamp, R. A.; Miyake, G. M.; Xia, Y.; Atwater, H. A.;

Grubbs, R. H., Rapid self-assembly of brush block copolymers to photonic crystals.
Proceedings of the National Academy of Sciences 2012, 109 (36), 14332-14336.
18.

Paturej, J.; Sheiko, S. S.; Panyukov, S.; Rubinstein, M., Molecular structure of

bottlebrush polymers in melts. Science Advances 2016, 2 (11).
19.

Yavitt, B. M.; Fei, H.-F.; Kopanati, G. N.; Winter, H. H.; Watkins, J. J., Power Law

Relaxations in Lamellae Forming Brush Block Copolymers with Asymmetric Molecular
Shape. Macromolecules 2019.

10

20.

Lin, T.-P.; Chang, A. B.; Luo, S.-X.; Chen, H.-Y.; Lee, B.; Grubbs, R. H., Effects

of Grafting Density on Block Polymer Self-Assembly: From Linear to Bottlebrush. ACS
Nano 2017, 11 (11), 11632-11641.
21.

Gu, W.; Huh, J.; Hong, S. W.; Sveinbjornsson, B. R.; Park, C.; Grubbs, R. H.;

Russell, T. P., Self-Assembly of Symmetric Brush Diblock Copolymers. ACS Nano 2013,
7 (3), 2551-2558.
22.

Song, D.-P.; Gai, Y.; Yavitt, B. M.; Ribbe, A.; Gido, S.; Watkins, J. J., Structural

Diversity and Phase Behavior of Brush Block Copolymer Nanocomposites.
Macromolecules 2016, 49 (17), 6480-6488.
23.

Kim, J. K.; Han, C. D., Phase Behavior and Phase Transitions in AB- and ABA-

type Microphase-Separated Block Copolymers. In Polymer Materials: Block-Copolymers,
Nanocomposites, Organic/Inorganic Hybrids, Polymethylenes, Lee, K.-S.; Kobayashi, S.,
Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2010; pp 77-145.
24.

Dalsin, S. J.; Rions-Maehren, T. G.; Beam, M. D.; Bates, F. S.; Hillmyer, M. A.;

Matsen, M. W., Bottlebrush Block Polymers: Quantitative Theory and Experiments. ACS
Nano 2015, 9 (12), 12233-12245.
25.

Birshtein, T. M.; Borisov, O. V.; Zhulina, Y. B.; Khokhlov, A. R.; Yurasova, T. A.,

Conformations of comb-like macromolecules. Polymer Science U.S.S.R. 1987, 29 (6),
1293-1300.
26.

Feuz, L.; Leermakers, F. A. M.; Textor, M.; Borisov, O., Bending Rigidity and

Induced Persistence Length of Molecular Bottle Brushes: A Self-Consistent-Field Theory.
Macromolecules 2005, 38 (21), 8891-8901.
27.

Fredrickson, G. H., Surfactant-induced lyotropic behavior of flexible polymer

solutions. Macromolecules 1993, 26 (11), 2825-2831.
28.

Dong‐Po, S.; Cheng, L.; S., C. N.; Xuemin, L.; Jae‐Hwang, L.; J., W. J., Thermally

Tunable Metallodielectric Photonic Crystals from the Self‐Assembly of Brush Block
Copolymers and Gold Nanoparticles. Advanced Optical Materials 2015, 3 (9), 1169-1175.
29.

Song, D.-P.; Lin, Y.; Gai, Y.; Colella, N. S.; Li, C.; Liu, X.-H.; Gido, S.; Watkins,

J. J., Controlled Supramolecular Self-Assembly of Large Nanoparticles in Amphiphilic
Brush Block Copolymers. Journal of the American Chemical Society 2015, 137 (11), 37713774.
11

30.

Gai, Y.; Lin, Y.; Song, D.-P.; Yavitt, B. M.; Watkins, J. J., Strong Ligand–Block

Copolymer Interactions for Incorporation of Relatively Large Nanoparticles in Ordered
Composites. Macromolecules 2016, 49 (9), 3352-3360.

12

CHAPTER 2
TEMPERATURE DEPENDENT PHASE BEHAVIOR AND CRYSTALLIZATION
KINETICS OF AMORPHOUS-CRYSTALLINE BRUSH BLOCK COPOLYMERS
2.1 Introduction
2.1.1 Phase transitions in linear block copolymer systems
Block copolymers have gained a lot of interest due to their ability to self-assemble
into various periodic structures including cylindrical, spherical and lamellar domains.1 2 3
This self-assembly depends on various factors including block compositions f, number of
statistical segments N and the dissimilarity between the blocks given by the Florry Hugging
interaction parameter (χ).4 5 6 χ, depends on the temperature as 𝜒 = 𝐴 + 𝐵⁄𝑇 (A and B are
constants) and relates the interaction energy between the two polymer while N is
proportional to the conformational entropy.5 7 For a critical segregation strength, product
of χ and N, the block copolymers undergoes a transition from disordred state to ordered
state.5 The morphology in the ordered state is determined by composition and architecture
of the BCP. A typical linear dBCP orders into a lamellar morphology for a nearly
symmetric block composition and into non-lamellar morphologies for highly asymmetric
compositions.5
The morphology of the self-assembled BCPs can be determined using various
experimental techniques such as small angle X-ray or neutron scattering (SAXS/SANS),
transmission electron microscopy (TEM) and rheology.8 7 9 10 The TEM can characterize
the system over a small sample area. The contrast between the domains is usually increased
by staining with ruthenium tetroxide (RuO4) or osmium tetroxide (OsO4).11 To probe the
13

morphology over the entire sample volume, scattering techniques can be used.10 The
diffraction peaks from the scattering are the reflections from the different planes and the
ratio of these peaks are used to identify the morphology.12 The order-disorder transition
temperature (TODT) can be determines using the scattering techniques or the rheology.13 14
15

The TODT is the temperature at which there is a discontinuous change in dynamic

modulus (measured from rheometer) is observed. For scattering experiments, any sudden
changes in peak shape are attributed to ODTs.
The phase diagram of a linear dBCP is given in Figure 2.1. The segregation
strength χN, dictates the segregation between the two polymer blocks and therefore, the
phase behavior.16 In the weak segregation limit (WSL), χN<10: close to the ODT, a
sinusoidal composition profile is found. In contrast when the segregation is high (χN ≥
100), composition profile is a square wave with very narrow interfaces. This regime is
termed as the strong segregation limit (SSL).16 In SSL, the domains are almost pure with
a very strong phase segregation. Helfand and coworkers introduced the self-consistent
field theory (SCFT) to determine the phase behavior of BCPs.17 Later, Leibler applied a
weak segregation approximation to SCFT to describe polymers in WSL.5 This mean field
theory predicts a first order transition from order to disorderd states for asymmetric
compositions and second order transition for symmetric volume fractions (f=0.5). This
model is based on random phase approximation (RPA) and Landau-Ginzburg
approximation, where an average composition profile is considered.
composition profile is not applicable for BCPs in WSL.

However, this

Fredrickson and Helfand

introduced compositional fluctuation to Leibler’s theory and found that the ODT at f=0.5
is also a first-order transition.18
14

Figure 2.1 (a)Illustration of AB LBCP and self-assembled morphologies of BCP: S, C, G
and L correspond to spherical, cylindrical, gyroid and lamellar morphology. (b) Phase
diagram of linear dBCP as predicted by SCFT and (c) experimental phase diagram of AB
dBCP (adapted from reference 3).
Grafted polymers or polymer brushes are described using the SST rather than
WST.19 The steric hindrance between the neighboring chains forces the contact between
the chains to be minimum and, hence reducing the interfacial area. Therefore, the interface
in these systems are narrow and can be characterized using narrow interface approximation
(NIA) which forms the basis for SST described by Semenov and Helfand.17 20 The domains
of BCPs in SSL are almost pure and the interface width is related to χ as χ-1/2.20 The
localization of BCP junction at the interface and the uniform density over the domains
results in an extended block configuration. The extended configuration is reflected in the
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molecular weight (N) dependence on the periodic spacing (d); 𝑑~𝑁 𝛿 . The δ for SSL is 2/3
which is higher than that of unperturbed Gaussian chain conformation with δ of 1/2.
However, for BBCP systems, the δ was found to be dependent on the backbone length and
is found to be higher than 2/3 and approaches 1 for highest backbone length.21
2.1.2 Self-Assembly of BBCPs
As discussed in previous chapter, the architecture plays an important role in selfassembly and phase behavior of BCPs. BBCPs are high molecular weight polymers with
extended conformation of backbone which is described as worm like chains.22 The unique
properties of the BBCPs make them an attractive material with enhanced properties for
applications including photonic crystals, surface coatings, and actuators.23 24 25 The shorter
side chains reduce the entanglement density in BBCPs resulting in faster self-assembly
kinetics and morphologies with large periodic spacings. In our group we utilized these
large domain spacings to fabricate photonic crystals with tunable band gaps. We also used
BBCP materials with lamellar morphology as templates to incorporate high volume
fraction nanoparticles.26 27
Previous reports from our group confirm that the rigid backbone determines the
self-assembled morphology by studying a series of polystyrene-b-polyethylene oxide (PSPEO) with varying the side chain asymmetries and volume fraction of PEO.28 Unlike the
linear BCPs, the asymmetric volume fractions fPEO = 0.3 and 0.7 form lamellar
morphologies. Only at fPEO = 0.8, the PS-PEO self-assembles into cylindrical morphology
and for low PEO volume fractions (fPEO < 0.2), the polymer system disordered (Figure 2.2).
The large window of lamellar morphology was attributed to the stiffness in the backbone
which prefers flat interfaces (lamellar morphology) rather than curved (cylindrical or
16

spherical). Other reports of morphologies with curved interfaces was reported by Bolton
et al..29 They synthesized a cylindrical polystyrene-b-polylactide (PS-PLA) by introducing

Figure 2.2 Phase map of PS-PEO BBCPs as a function of PEO volume fraction (fPEO)
and asymmetricity in side chains (ratio of molecular weight of side chains) (adapted from
reference 28).
asymmetricity of sidechains. It can be inferred from the literature that lamellar morphology
is most commonly found in BBCPs followed by cylindrical morphologies but spherical
was hardly found. Recently, in our group we demonstrated that by introducing flexible
side chains in BBCPs, spherical morphologies can be achieved. In this study, we used a
model system polystyrene-poly(dimethylsiloxane) (PS-PDMS) where PDMS is a flexible
sidechain. The flexible sidechains impart flexibility to the backbone which results in the
formation of spherical morphology with increase in asymmetricity of sidechains and
backbone length. The parameter varied in the above studies is the volume fraction or the
side chain asymmetry, but temperature also effects the self-assembly or phase behavior.
However, there are very few studies that address the phase behavior of BBCPs upon
varying temperature or χ. Dalsin et. al studied the ODT in symmetric PS-b-PI BBCP for a
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range of molecular weights.21 There was ODT only for the smallest molecular weight
BBCP and none other samples showed any ODT.
The effect of molecular architecture on the phase transitions is still an open
question. The minimization of A/B segments contacts in LBCP is the driving force for
self-assembly of ordered phases from disordered phase. However, the number of contacts
would be fewer in BBCPs compared to LBCPs due to the steric hindrance. Therefore, this
would affect the entropic and enthalpic contribution to χ. Moreover, the assumptions
involved in determining χN at ODT are not valid for BBCPs. Therefore, analysis of
temperature dependent self-assembly and phase transitions of BBCPs may give us an
insight. In this study, we investigate temperature dependent phase behavior of another PSb-PEO BBCPs across a wide temperature range T = 25-200 °C. In-situ temperaturedependent small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS)
were used as a tool for probing the microstructure and phase behavior (such as ODT,
crystallization, or melting) of the PS-b-PEO materials. Parameters such as scattering peak
position, peak width, and scattering intensities reveal important information about the
phase behavior upon varying temperature. The thermo-structural properties of PS-b-PEO
LBCPs has been reported and is useful when comparing and contrasting the results from
this study.30
2.2 Experimental
2.2.1 Synthesis and Material Design
Densely grafted PS-b-PEO BBCP were synthesized through sequential ringopening metathesis polymerization (ROMP) following established procedures from
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literature.

Two groups of PS-b-PEO were synthesized across a range of volume fraction

and overall backbone length, respectively (Figure 2.3). The side chain lengths of PS (Mn
~ 3.1 kg/mol) and PEO (Mn~5 kg/mol) are kept well below their entanglement limit to take
the advantage of faster self-assembly dynamics. The first group (group 1) consists of
BBCPs with volume fractions of PEO fPEO = 30, 50 and 70% (denoted as PEO30, PEO50,

Figure 2.3 Schematic of different BBCPs synthesized using ROMP.
and PEO70) while group 2 consists of three BBCPs with constant fPEO = 50% and overall
molecular weight from MW = 200 – 600 kg/mol. (Denoted as PEO50, PEO50M, and
PEO50L, where MW increases from Small, Medium, and Large).

The molecular

characteristics of all BBCPs are given in Table 1.
2.2.2 Bulk Sample Preparation
A 2 wt % solution of BBCP in DMF was prepared and drop casted onto a glass
slide. The drop-casted films were allowed to solvent evaporate for 48 h followed by
thermal annealing in a vacuum oven at 130 °C for 24 h.
19

Table 2.1 Molecular characteristics of PS-PEO BBCPs.

*determined using GPC

**determined using SAXS

2.2.3 Characterization
The morphology and the thermal transitions in bulk PS-PEO samples were
characterized using Small/wide angle X-ray scattering (SAXS/WAXS). The annealed
films were scraped off the glass slides placed in a washer and sealed using Kapton tape.
The 11-BM Complex Materials Scattering (CMS) beamline at the National Synchrotron
Light Source II (NSLS-II), Brookhaven National Laboratory (BNL) was used for the Xray scattering studies. Incident X-rays has an energy of 13.5 keV and a wavelength of
0.0918 nm. A Dectris Pilatus 2M detector at 1.98 nm from the sample was used for SAXS
and a Photonic Science Image Star 135 mm detector with a sample-to-detector distance of
0.231 m was used for WAXS. An autosampler stage with a temperature controller was
used to ramp the temperature from 25 °C to 200 °C (maximum limit of the stage) at a ramp
rate of 1 °C/min and maintained at 200 °C for 10 min before it is programmed to cool down
to room temperature. SAXS and WAXS data were simultaneously collected along the
temperature cycles. Leica Ultracut UCT microtome equipped with a Leica EM FCS
cryogenic sample chamber maintained at -100 °C was used to cut ~ 50 nm thick samples.
The cryo-microtomed films were stained using ruthenium tetroxide vapors and later
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imaged using a JOEL 2000FX Transmission Electron Microscopy (TEM). The melting
enthalpy and crystallization behavior of PEO domain were analyzed using a TA
Instruments Q200-1390-RCS Differential Scanning Calorimetry (DSC). The melting
enthalpies of PEO and the glass transition temperature of PS were recorded on the second
heating cycle from -10 to 130 °C at a heating rate of 10 °C/min. Isothermal crystallization
experiments were conducted by heating the samples to a temperature (85 °C) well above
the melting point of PEO (53 °C) to ensure complete melting of PEO. The samples were
then cooled down to different temperatures 27, 30, 33 and 35 °C and allowed crystallize at
these temperatures for 20 min.
2.2.4 Scattering Physics
In this study, the X-ray scattering is used as the major tool to study the selfassembly and phase behavior of BBCPs. A review of fundamentals of scattering physics
is discussed in this section.
X-rays are electromagnetic oscillating waves of electronic and magnetic fields
perpendicular to each other. They interact with the electron cloud of the sample to map
the electron density. Therefore, the contrast among the domains is probed through the
electron density difference.31 32 The amplitude of the wave (E) at time t and position x is
given as,
𝐸 = 𝐸𝑚 sin(𝜔𝑡 − 2𝜋𝑥 ⁄𝜆)

(2.1)

where 𝜆 is the wavelength and 𝜔 is the angular frequency given by 𝜔 = 2𝜋𝜐.
Scattering from two different locations can be denoted in terms of unit vector in the
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direction of incident (𝑞̂0 ) and scattered X-ray (𝑞̂). The amplitude at a position i can be
given by,
𝐸𝑖 = 𝐸𝑚 sin (𝜔𝑡 − 2𝜋

[𝑅0 +𝑟⃑𝑖 .(𝑞̂−𝑞̂0 )]
𝜆

)

(2.2)

Therefore, the scattering in the given direction is the sum of radiations scattered by all the
individual points (equation 2.3).
𝐸(𝑞⃑) = 𝐸𝐼 ∑𝑛𝑗=1 sin(𝑟⃑⃑.
⃑)
𝑗 𝑞

(2.3)

Scattering occurs from electron density distribution; therefore, the amplitude is
proportional to the Fourier transform of electron density distribution (𝜌(𝑟⃑)).
𝐸(𝑞⃑) = 𝐸𝐼 𝐹𝑇(𝜌(𝑟⃑))

(2.4)

In real SAXS experiments, the intensity is measured and not the amplitude. Intensity (I(𝑞⃑)).
of the wave is the energy of propagated by the wave.
𝐼(𝑞⃑) ≈ |𝐸⃑⃑ (𝑞⃑)|

2

(2.5)

Using equation X and X, it can be deduced that the intensity of the scattering peaks is
proportional to the square of difference in electron density distribution.
𝐼(𝑞⃑)~(𝜌𝐴 − 𝜌𝐵 )2

(2.6)
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2.3 Results and Discussion
2.3.1 Room temperature X-ray scattering
According to the room temperature SAXS patterns (Figure 2.4) all BBCP samples
self-assemble into a lamellar morphology irrespective of volume fraction and backbone
length. The primary peak (q*) in the 1D integrations of the scattering patterns (I(q) vs. q)
suggests microphase segregation between the two domains. Higher order scattering peaks
at larger q indicate long-range order of the lamellar pattern. Peaks with position ratios of
q*: 2q*:3q* were observed for asymmetric volume fractions of PEO (samples PEO30 and
PEO70) while q*: 3q* were observed for all other samples. As the overall backbone length
increased (in the case of PEO50 to PEO50M and PEO50L) the intensity of the higher order
peaks became weaker and an additional broad peak at q ~ 0.06 Å-1 emerges, attributed to
scattering from crystalline PEO side chains.

Further characterization of the PEO

crystallization was conducted via WAXS (Figure 2.4). Peaks at q = 1.34, 1.62, 1.80 and
1.88 Å-1 observed in WAXS scattering profiles are characteristics of crystallized PEO.33
These peaks correspond to reflections from (120), (032), (024), and (131) planes of a
monoclinic unit cell.33 Despite the dense brush configuration and the short PEO side chain
length, the crystallite structure is similar to that formed by linear PEO chains. Transmission
electron microscopy (TEM) was used to further confirm the morphology of the Group 1
and 2 BBCPs (Figure 2.5). Bulk samples were cryo-microtomed into 50 nm thin films and
stained with ruthenium tetroxide (RuO4) to induce contrast between the PS (light) and PEO
(dark) domains. In agreement with the SAXS data, the microtomed samples show lamellar
morphology and long-range ordering. However, the lamellar thicknesses are asymmetric
irrespective of the volume fraction.
23
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Figure 2.4 Time resolved temperature SAXS and WAXS of BBCP at different
temperatures. The room temperature SAXS depict a lamellar morphology with q*
representing primary peak and 2q/3q representing higher order peaks.
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2.3.2 Temperature Dependent X-ray Scattering
The lamellar domain spacing (d-spacing, or d0) of microphase segregated BBCP is
determined by the primary peak position through the relationship d0 = 2/q* (Table 2.1).
A plot of q* versus temperature for all BBCP samples is given in Figure 2.6. There is no
apparent shift in primary peak position from T = 25 – 200 °C, implying that the domain
spacing is constant over the temperature range. In linear PS-b-PEO di-block copolymer
systems, the peak position often shifts to a lower q values upon melting of PEO domain

Figure 2.5 TEM images of BBCPs stained using ruthenium tetroxide. The darker
domains are PEO and the lighter domains are PS. The scale bar is 100 nm.
and through order-disorder transition due to changes in thermal expansion, segregation
strength (χ is inversely proportional to temperature) and statistical segmental length of each
block.30 34 The characteristic domain spacing in linear block copolymers is proportional to
the degree of polymerization N, or more specifically the temperature dependence of the
unperturbed chain conformation.13
𝑑𝑟 (𝑇) = [𝑅𝑔0 (𝑇)⁄𝑅𝑔0 (𝑇𝑟 )]𝑑(𝑇𝑟 )

2.7

Where, 𝑑𝑟 (𝑇) is the temperature dependence of d-spacing, 𝑇𝑟 is the reference temperature
34

Figure 2.6 Variation of q*, FWHM for (a) heating ramp (b) cooling ramp and intensity
of primary peak (c) heating and (d) cooling ramp of BBCPs.
and 𝑅𝑔0 is the unperturbed chain dimension given by equation 2.8,
𝑅𝑔0 (𝑇) = 𝑅𝑔0 (𝑇𝑟 )𝑒𝑥𝑝 [

(𝑇−𝑇𝑟 )𝑘
2

]

2.8

Where, 𝑘 is the thermal expansion coefficient of the BCP.
Unlike their linear counterparts, the domain spacing of the BBCPs is primarily defined by
the backbone length and conformation. The expansion or contraction of the BBCP
backbone may be rather negligible compared to the side chain configuration, resulting in
no change of q* with temperature.35 Previous reports from Hashimoto and Bates reported
no discontinuity in d-spacing or q* around TODT.36 37 However, Stuhn et al. had reported a
slight discontinuous increase of d-spacing at TODT.38 This was later investigated by
Sakamoto and Hashimoto for a symmetric-lamellae forming PS-b-PI block copolymers.
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They did not find any evidence of discontinuous increase of d-spacing around TODT
however, the temperature dependence of d-spacing changed remarkably above the TMF,
which is the crossover temperature from a disordered state characterized by non-mean field
theory to the disordered mean field theory. The temperature dependence of d-spacing
above the TMF was similar to the temperature dependence of unperturbed chain dimensions.
This can be attributed to the fact that the d-spacing in BCPs is given by the conformation
of the polymer chains and its weak dependence on temperature. In this study the q*
position remained constant over the temperature range suggesting neither ODT nor
crossover from non-mean field theory to mean field theory. Since there is no apparent
change in the position of q* with increasing temperature, analyzing temperature
dependence of scattering intensity (I(q)) and width of primary peak (as reported by
Sakamoto and Hashimoto) can give us an insight into the phase transitions of the PS-bPEO BBCPs.13
The contrast in X-ray scattering is derived from the difference in electron density
distribution between the two microphase separated domains. The intensity of the primary
peak is determined by different parameters such as electron density difference, background
scattering and the compositional fluctuations in the BCP.30 13 According to Landau-mean
field theory the intensity I(q) in disordered state is given by,13
[𝐼(𝑞)⁄𝑁]−1 ~𝐹(𝑞) − 2𝜒𝑁

2.9

And q is the scattering wave vector given by
4𝜋

𝜃

𝑞 = ( 𝜆 ) 𝑆𝑖𝑛( 2)
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2.10

Where 𝜆 and 𝜃 are the wavelength and scattering angle, respectively. The F(q) is a function
of Rg0 and f. The equation 2.9 can be expressed in terms of ξ, the correlation length for
composition fluctuations as,
𝐼(𝑞) = 𝐼𝑚 ⁄[1 + (𝑞 − 𝑞𝑚 )2 )𝜉 2 ]

2.11

Where 𝐼𝑚 and 𝑞𝑚 are the intensity and peak position of the primary peak. According to
equation X, it is evident that upon increase in compositional fluctuation, characteristic of
ODT, the intensity of the primary peak drops. This was observed before for different LBCP
systems like PS-b-PI and PS-b-PEO. For these systems, a sharp discontinuous change was
observed upon increasing temperature and this temperature is designated as TODT. In this
=study we observe a sudden change in intensity upon increase in temperature (T = 54.2 –
58.9 °C) for all samples. However, this is not attributed to the compositional fluctuation or
ODT but to the difference in electron density distribution.
As discussed in section 2.2.4, the intensity of the primary peak is directly
proportional to the electron density difference. As the temperature is increased, the PEO
crystal melt and the electron density distribution is changed.

The electron density

difference between the amorphous PS and PEO semi-crystalline domain is higher
compared to the electron density difference of amorphous PS and melted, amorphous
PEO.30 The decrease in electron density difference results in a sudden change in scattering
intensity at T = 54.2 – 58.9 ° C for all samples. The disappearance of peaks in the WAXS
spectra confirms the melting of PEO crystals in the same temperature range as the decrease
in I(q).
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Figure 2.7 Temperature dependent trends of inverse intensity and inverse FWHM of Psb-PI LBCPs adapted from reference 13.
As previously discussed, a sudden change in scattering intensity is also a signature of the
ODT in linear BCPs.13 However, here the sudden change in intensity can be attributed to
the difference in ordering within the PEO side chains, rather than between microphase
separated domains.
Higher order SAXS peaks are generally observed to decrease in intensity with
increasing T, and to finally disappear at the highest temperatures studied. The maximum
at 3q* for the samples PEO30 and PEO70 disappears at the PEO melting temperature
which suggests broadening of the interface.13 39 Upon the melting of PEO, the mobility of
PEO chains increases allowing partial mixing at the interface. Figure 2.8 shows plots of
interface width vs temperature, calculated by Porod analysis of our scattering data.39 It can
be observed that the interface width increases, for all samples, at the melting temperature
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of PEO. The interface width will be further discussed in section 2.3.3. The mobility of
PEO chains is restricted because the chain ends are anchored to the backbone, which limits
the interface broadening. The interface width calculated in this study is consistent with
previous reports for bottle brush block copolymers by Dalsin et. al.21
Previous studies suggest that the higher order peaks resulting from the ordered
morphology disappear beyond the ODT.13, 36 The second order peak for all the samples
with variable volume fraction disappears at a temperature of T = 150 °C and only the
primary peak prevails. However, there is no discontinuity in scattering intensity at this
temperature. The disappearance of second order peak could be due to the enhanced thermal
motion of sidechains which results in additional spatial fluctuations of the lamellar
microdomains/layers, decreasing their spatial correlations. Interestingly, the second and
third order peaks reappear at T = 150 °C as the samples are cooled from T = 200 °C. When
the volume fraction is 50 %, (samples PEO50, PEO50M and PEO50L) a minor second
maximum and a PEO crystal scattering peak disappear above the PEO melting point and
reappear during cooling. The disappearance of the second order peak is convoluted with
the thermal fluctuations and loss in contrast (decreased electron density difference). The
disappearance of higher order peak alone doesn’t confirm the thermodynamically driven
ODT. For example, Sakamoto and Hashimoto reported the appearance of higher order
peaks above the TODT in linear PS-b-PI BCPs.13
FWHM of the primary SAXS peak is also used to track the degree of segregation
and ODT in BCPs. Segregation strength is inversely proportional to full width at half
maximum (FWHM) of the primary scattering peak q*.15 In a well-ordered system where
segregation strength is high, the spatially resolved composition fluctuations are lower

39

compared to a disordered system due to the defined interface between the two domains. A
narrow first order peak with a smaller FWHM represents stronger segregation and better
order compared to a weaker segregation and poorer order resulting in a broader peak.
Therefore, tracking the FWHM of the primary peak is a simple technique to characterize
the order-disorder transition. A sudden change in FWHM is therefore an indicator of the
TODT.15 The temperature dependence of SAXS peak intensity and FWHM in a linear PSb-PEO BCP system were found to be very similar.13 Figure 2.6 shows that for the BBCPs,
the FWHM nearly constant over the temperature range from 25 to 200°C for all samples,
again suggesting that there is no accessible ODT in these systems or drastic change in
segregation strength up to T = 200 ° C. Certainly, there is no discontinuous change in
FWHM as a specific T, which would be indicative of an ODT
2.3.3 Domain Boundary Thickness in Lamellar Morphology
In BCPs self-assembled in lamellar domains, the electron density fluctuations are
perpendicular to the domain interface. The density fluctuations are periodic due to
alternating PS and PEO domains. However, these fluctuations deviate from ideal twophase system where there is a discontinuous change of electron density from 𝜌𝑃𝑆 to 𝜌𝑃𝐸𝑂
where, 𝜌𝑥 is the electron density distribution for x component.39 The BCPs are classified
as pseudo-two phase, where there are no pure domains but partially mixing is possible at
the interfaces. As stated earlier, the amplitude of system 𝐸(𝑞) is given by the Fourier
transform of the density distribution and I(q) is proportional to the square of the amplitude.
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Figure 2.8 Interface width calculated using Porod’s law for heating ramps.
The Porod’s law states that the scattering intensity at very large q is proportional to q-4.39
𝐼(𝑞) = 𝑐 ∗ 𝑞 −4
Where c is related to interface area S as,
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2.12

𝑐 = (𝜌𝑃𝑆 − 𝜌𝑃𝐸𝑂 )2 𝑆⁄(2𝜋)3

2.13

Porod’s law is valid for an ideal two-phase system or BCP systems with very sharp
interfaces. In this study, interface thickness (t) is determined following the method
described in literature. The q values are chosen such that q4I(q) is constant.
𝐼(𝑞) = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡[𝑞 −2 − (𝜋 2 𝑡 2 ⁄3)]

2.14

Figure 2.8, gives the interface widths for all the BBCP samples for the heating ramps. As
discussed earlier, the interface width slightly increases at the melting temperature due to
partial mixing at the interface. As the PEO melts, the side chains gain momentum and
broaden the interface. However, the change in interfacial width at the melting temperature
is only ~ 10-15 %. This small change can be attributed to the restricted side chain
movement because the chain ends are anchored onto the backbone. It can also be observed
that the interface width is independent of the backbone length (t ~ 1.9-2.1 for all the
symmetric samples). The ratio of interface thickness to the domain thickness (t/d) is far
from unity which confirms that the BBCP systems are strongly segregated.
2.3.4 Crystallization Kinetics
As previously described, the microphase separated PEO domain is composed of
regions of crystalline PEO chains and amorphous chains (semi-crystalline). The WAXS
reflections disappear as PEO crystals melt with increasing temperature. These peaks
reappear upon cooling back to room temperature for all the samples except for PEO70.
The crystallization temperature of PEO70 is lower than the room temperature and was
beyond the equipment limits. The relative intensity of the WAXS peaks increase after
recrystallization.

The SAXS and WAXS data invite further investigation into the

cooperative role of the PEO crystallinity and the microphase segregation. Differential
42

scanning calorimetry (DSC) was used to resolve the thermal transitions near the melting
and crystallization temperature of PEO. First, temperature ramps were performed at a rate
of 5 °C/min (Figure 2.9). The melting and crystallization temperatures are determined
from the second heating ramps.

Figure 2.9 DSC thermographs of BBCPs. The graphs were normalized with PEO weight
in BBCP.
Once Tc was identified, isothermal crystallization studies were performed. Figure
2.10 shows the degree of crystallization X(t), measured from isothermal crystallization
curves, as a function of time. The evolution is modeled by a modified Avrami equation,
ln(-ln(1-X(t))) = n lnt +lnk

2.15

where n is Avrami exponent and k is the rate constant. The ln(-ln(1-X(t))) data can be fitted
linearly as a function of ln(t). Two distinct slopes are observed for early and later times of
crystallization. This can be attributed to multiple crystallization mechanisms or change in
crystal growth dimensions with time. Irrespective of the volume fraction and backbone
length, the Avrami exponents of the BBCPs is approximately 1 in the early stages of
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Figure 2.10 Plots of crystallinity with respect to time and Avrami profiles for BBCPS.
crystallization and changes to 2 in the later stages. This suggests a unidimensional
nucleation and initial crystal growth in the early stages and a two dimensional crystal
growth in the later stages of crystallization.33 The backbone acts a defect for the PEO side
chains nucleating their crystallization. The initial Avrami exponent of 1 suggests that
crystallization initially occurs between adjacent PEO side chains along a given bottle brush
backbone. Later, crystallization spreads from a crystallized backbone to neighboring bottle
brush backbones, resulting in a two-dimensional crystal growth within the microphase
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separated PEO lamellar layers, resulting in an increase in the Avrami exponent to 2. This
2D crystal growth is well known in polymer brushes and grafted polymers.40 41 Recently,
Sun et.al., studied the crystallization kinetics of PEO brush block homopolymers.33 They
reported that the Avrami exponent of a brush PEO is around 2 suggesting a twodimensional growth consistent with the linear PEO. The PEO side chains are pinned to the
backbone which restricts the mobility of the PEO chains, hence reducing the crystallinity
(Xc) compared to linear polymers.33 The confinement from the backbone and amorphous
domain result in lower crystallinity in BBCPs compared to linear PEO.
2.4 Conclusion
A series of PS-b-PEO BBCP were synthesized through sequential ROMP
and the temperature dependent phase behavior was investigated. A primary peak in SAXS
reveals a phase segregation between the PS and PEO domains.

The PEO melting

influences the intensity of the primary peak as the temperature is raised, but the overall
morphology is unaffected. No change in FWHM suggests a strong melt segregation which
results in an effective confined crystallization of the PEO chains. The constant q* confirms
the constrained crystallization and suggest there is minimal change in backbone
conformations with temperature. A constant FWHM and q* suggests no OOT or ODT
within the temperature range of T = 25 – 200 °C).

It is likely that the backbone

conformations strongly influence the temperature dependent behavior and the
crystallization by creating a nucleating surface for the PEO to crystallize. Irrespective of
the volume fraction and the backbone length, the BBCP’s show a similar thermal response
which can be attributed to the compact molecular architecture of the brush block
copolymers. The invariability of the primary peak shape and position with temperature
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can be attributed to the fact that these molecules occupy a large fraction of the pervaded
volume. The strong segregation strength at high temperatures allows these materials to
retain their morphology. The unexpected thermodynamics invites development of
advanced models and theory to further explain the physics of these emergent materials.
2.5 References
1.

Bai, W., Block copolymer self-assembly and templating strategies. 2016.

2.

Feng, H.; Lu, X.; Wang, W.; Kang, N.-G.; Mays, J., Block Copolymers: Synthesis,

Self-Assembly, and Applications. Polymers 2017, 9 (10), 494.
3.

Bates, F. S.; Fredrickson, G. H., Block copolymers-designer soft materials. Physics

Today 1999/2, 52 (2), 32-38.
4.

Kim, J. K.; Han, C. D., Phase Behavior and Phase Transitions in AB- and ABA-

type Microphase-Separated Block Copolymers. In Polymer Materials: Block-Copolymers,
Nanocomposites, Organic/Inorganic Hybrids, Polymethylenes, Lee, K.-S.; Kobayashi, S.,
Eds. Springer Berlin Heidelberg: Berlin, Heidelberg, 2010; pp 77-145.
5.

Leibler, L., Theory of Microphase Separation in Block Copolymers.

Macromolecules 1980, 13 (6), 1602-1617.
6.

Bates, F. S., Block copolymers near the microphase separation transition. 2. Linear

dynamic mechanical properties. Macromolecules 1984, 17 (12), 2607-2613.
7.

Weiss, P., Block copolymers – overview and critical survey, Allen Noshay and

James E. Mcgrath, Academic, New York, 1977, 516 pp. Journal of Polymer Science:
Polymer Letters Edition 1978, 16 (3), 151-152.
8.

Liu, L.-Z.; Yeh, F.; Chu, B., Synchrotron SAXS Study of Crystallization and

Microphase Separation in Compatible Mixtures of Tetrahydrofuran−Methyl Methacrylate
Diblock Copolymer and Poly(tetrahydrofuran). Macromolecules 1996, 29 (16), 53365345.
9.

Manet, S.; Lecchi, A.; Impéror-Clerc, M.; Zholobenko, V.; Durand, D.; Oliveira,

C. L. P.; Pedersen, J. S.; Grillo, I.; Meneau, F.; Rochas, C., Structure of Micelles of a
Nonionic Block Copolymer Determined by SANS and SAXS. The Journal of Physical
Chemistry B 2011, 115 (39), 11318-11329.

47

10.

Morrison, F. A.; Mays, J. W.; Muthukumar, M.; Nakatani, A. I.; Han, C. C., Shear-

induced morphological structures in triblock copolymers. Macromolecules 1993, 26 (19),
5271-5273.
11.

Khandpur, A. K.; Macosko, C. W.; Bates, F. S., Transmission electron microscopy

of saturated hydrocarbon block copolymers. Journal of Polymer Science Part B: Polymer
Physics 1995, 33 (2), 247-252.
12.

Roe, R.-J.; Fishkis, M.; Chang, J. C., Small-angle x-ray diffraction study of thermal

transition in styrene-butadiene block copolymers. Macromolecules 1981, 14 (4), 10911103.
13.

Sakamoto, N.; Hashimoto, T., Order-Disorder Transition of Low Molecular Weight

Polystyrene-block-Polyisoprene. 1. SAXS Analysis of Two Characteristic Temperatures.
Macromolecules 1995, 28 (20), 6825-6834.
14.

Hashimoto, T.; Kowsaka, K.; Shibayama, M.; Kawai, H., Time-resolved small-

angle x-ray scattering studies on the kinetics of the order-disorder transition of block
polymers. 2. Concentration and temperature dependence. Macromolecules 1986, 19 (3),
754-762.
15.

Winey, K. I.; Gobran, D. A.; Xu, Z.; Fetters, L. J.; Thomas, E. L., Compositional

Dependence of the Order-Disorder Transition in Diblock Copolymers. Macromolecules
1994, 27 (9), 2392-2397.
16.

Bates, F. S.; Fredrickson, G. H., Block Copolymer Thermodynamics: Theory and

Experiment. Annual Review of Physical Chemistry 1990, 41 (1), 525-557.
17.

Helfand, E.; Wasserman, Z. R., Block Copolymer Theory. 4. Narrow Interphase

Approximation. Macromolecules 1976, 9 (6), 879-888.
18.

Fredrickson, G. H.; Helfand, E., Fluctuation effects in the theory of microphase

separation in block copolymers. The Journal of Chemical Physics 1987, 87 (1), 697-705.
19.

Milner, S. T., Polymer Brushes. Science 1991, 251 (4996), 905.

20.

Semenov, A. N., Theory of block copolymer interfaces in the strong segregation

limit. Macromolecules 1993, 26 (24), 6617-6621.
21.

Dalsin, S. J.; Rions-Maehren, T. G.; Beam, M. D.; Bates, F. S.; Hillmyer, M. A.;

Matsen, M. W., Bottlebrush Block Polymers: Quantitative Theory and Experiments. ACS
Nano 2015, 9 (12), 12233-12245.
48

22.

Paturej, J.; Sheiko, S. S.; Panyukov, S.; Rubinstein, M., Molecular structure of

bottlebrush polymers in melts. Science Advances 2016, 2 (11).
23.

Dong‐Po, S.; Cheng, L.; S., C. N.; Xuemin, L.; Jae‐Hwang, L.; J., W. J., Thermally

Tunable Metallodielectric Photonic Crystals from the Self‐Assembly of Brush Block
Copolymers and Gold Nanoparticles. Advanced Optical Materials 2015, 3 (9), 1169-1175.
24.

Miyake, G. M.; Piunova, V. A.; Weitekamp, R. A.; Grubbs, R. H., Precisely

Tunable Photonic Crystals From Rapidly Self-Assembling Brush Block Copolymer
Blends. Angewandte Chemie International Edition 2012, 51 (45), 11246-11248.
25.

Lee, H.-i.; Pietrasik, J.; Sheiko, S. S.; Matyjaszewski, K., Stimuli-responsive

molecular brushes. Progress in Polymer Science 2010, 35 (1), 24-44.
26.

Song, D.-P.; Gai, Y.; Yavitt, B. M.; Ribbe, A.; Gido, S.; Watkins, J. J., Structural

Diversity and Phase Behavior of Brush Block Copolymer Nanocomposites.
Macromolecules 2016, 49 (17), 6480-6488.
27.

Song, D.-P.; Lin, Y.; Gai, Y.; Colella, N. S.; Li, C.; Liu, X.-H.; Gido, S.; Watkins,

J. J., Controlled Supramolecular Self-Assembly of Large Nanoparticles in Amphiphilic
Brush Block Copolymers. Journal of the American Chemical Society 2015, 137 (11), 37713774.
28.

Gai, Y.; Song, D.-P.; Yavitt, B. M.; Watkins, J. J., Polystyrene-block-poly(ethylene

oxide) Bottlebrush Block Copolymer Morphology Transitions: Influence of Side Chain
Length and Volume Fraction. Macromolecules 2017, 50 (4), 1503-1511.
29.

Bolton, J.; Rzayev, J., Tandem RAFT-ATRP Synthesis of Polystyrene–

Poly(Methyl Methacrylate) Bottlebrush Block Copolymers and Their Self-Assembly into
Cylindrical Nanostructures. ACS Macro Letters 2012, 1 (1), 15-18.
30.

Zhu, L.; Chen, Y.; Zhang, A.; Calhoun, B. H.; Chun, M.; Quirk, R. P.; Cheng, S.

Z. D.; Hsiao, B. S.; Yeh, F.; Hashimoto, T., Phase structures and morphologies determined
by competitions among self-organization, crystallization, and vitrification in a disordered
poly(ethylene oxide)-b-polystyrene diblock copolymer. Physical Review B 1999, 60 (14),
10022-10031.
31.

Roe, P. M. S. R. J.; Roe, R. J., Methods of X-ray and Neutron Scattering in Polymer

Science. Oxford University Press: 2000.
32.

Rubinstein, M.; Colby, R. H., Polymer Physics. Oxford University Press: 2003.
49

33.

Sun, H.; Yu, D. M.; Shi, S.; Yuan, Q.; Fujinami, S.; Sun, X.; Wang, D.; Russell, T.

P., Configurationally Constrained Crystallization of Brush Polymers with Poly(ethylene
oxide) Side Chains. Macromolecules 2019, 52 (2), 592-600.
34.

Quiram, D. J.; Register, R. A.; Marchand, G. R., Crystallization of Asymmetric

Diblock Copolymers from Microphase-Separated Melts. Macromolecules 1997, 30 (16),
4551-4558.
35.

Fei, H.; Yavitt, B. M.; Kopanati, G.; Watkins, J. J., Effect of side chain and

backbone length on lamellar spacing in polystyrene-block-poly(dimethyl siloxane) brush
block copolymers. Journal of Polymer Science Part B: Polymer Physics 0 (0).
36.

Hashimoto, T.; Ogawa, T.; Dae Han, C., Determination of Sharpness of Order-

Disorder Transition of Block Copolymers by Scattering Methods. Journal of the Physical
Society of Japan 1994, 63 (6), 2206-2214.
37.

Bates, F. S.; Rosedale, J. H.; Fredrickson, G. H., Fluctuation effects in a symmetric

diblock copolymer near the order–disorder transition. The Journal of Chemical Physics
1990, 92 (10), 6255-6270.
38.

Stühn, B.; Mutter, R.; Albrecht, T., Direct Observation of Structure Formation at

the Temperature-Driven Order-To-Disorder Transition in Diblock Copolymers.
Europhysics Letters (EPL) 1992, 18 (5), 427-432.
39.

Hashimoto, T.; Todo, A.; Itoi, H.; Kawai, H., Domain-Boundary Structure of

Styrene-Isoprene Block Copolymer Films Cast from Solutions. 2. Quantitative Estimation
of the Interfacial Thickness of Lamellar Microphase Systems. Macromolecules 1977, 10
(2), 377-384.
40.

Zhou, B.; Tong, Z.-Z.; Huang, J.; Xu, J.-T.; Fan, Z.-Q., Isothermal crystallization

kinetics of multi-walled carbon nanotubes-graft-poly(ε-caprolactone) with high grafting
degrees. CrystEngComm 2013, 15 (38), 7824-7832.
41.

Zheng, Y.; Bruening, M. L.; Baker, G. L., Crystallization of Polymer Brushes with

Poly(ethylene oxide) Side Chains. Macromolecules 2007, 40 (23), 8212-8219.

50

CHAPTER 3
EFFECT OF HYDROGEN BONDING ON THE RHEOLOGICAL BEHAVIOR
OF BRUSH BLOCK COPOLYMER COMPOSITES
3.1 Introduction
3.1.1 Supramolecular Interactions
Supramolecular polymers are a novel class of polymers constructed by targeted
secondary interactions between individual molecular building blocks or polymer chains.1 2
3

The addition of supramolecular bonds incorporates stimuli responsive behavior,

improved mechanical properties, and endless possibilities of polymer architecture.
Secondary interactions are introduced by non-covalent reversible bonds such as hydrogen
bonding, ionic bonding, or metal-ligand bonding.3 4 5 6 7 8 9 The most common reversible
interactions used to prepare supramolecular polymers are hydrogen bonding.10 11 There are
three types of hydrogen bonding based on their hydrogen bonding strength: strong (15-40
kcal/mol), moderate (4-15 kcal/mol) and weak (1-4 kcal/mol).11

12

The conventional

hydrogen bonds, such as in water, are moderate binding energy of 6 kcal/mol. Despite
being energetically weaker than the covalent bonds (binding energy > 50 kcal/mol), the
versatility and specific directionality imparts unique tunable properties.13 Though the
strength of single hydrogen bond is weak, multiple hydrogen bonds possess high energies
capable of forming physical crosslinking in polymers.14 The strength of hydrogen bonding
also dictates the self-assembly and properties of supramolecular polymers.2 For example,
hydrogen bonding forms the basis of many complex structures and properties found in
nature such as proteins and DNA.15 For synthetic engineering polymers, hydrogen bonded
in nylons leads to exceptional tensile strength.14
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The supramolecular motif can also be applied to more complex copolymer
architectures, such as block copolymers (BCP) where association is targeted to one or more
of the BCP domains. Supramolecular interactions are utilized to incorporate functional
additives into the polymer matrix as a means of adding tunable properties without the need
of synthesizing new BCP templates. The hydrogen bonded network imparts gel-like
mechanics to polymer matrix as well as modifies the thermodynamic landscape. Significant
inclusion of hydrogen bonding has been shown to increase microphase segregation and the
order-disorder transition temperature (TODT) and promote order-order transitions (OOT)
across the phase diagram.1 16 17 The hydrogen bonding interactions plays a significant role
in the physics of ordering nanoparticle in BCP templated nanocomposites.18

19

The

influence of hydrogen bonding on the rheological properties is of prime interest for their
processing and industrial applications. Rheology is a powerful tool to determine the effect
of hydrogen bonding on the mechanical properties as well as time and temperature
dependent viscoelasticity. Previous reports from Stadler et. al. and Lewis et. al. studied
the effect of hydrogen bonding on the linear viscoelastic properties of modified
homopolymers, polybutadiene and poly(n-butyl acrylate), respectively.20

21 3

The

hydrogen bonding is induced by adding 1 to 5 wt. % of hydrogen bonding additives into
the monomer solution before polymerization. This resulted in a thermo-reversible random
copolymer of hydrogen bonding additive and monomer. The plateau modulus increased
with hydrogen bonding groups and a transition in power law scaling of G' and G'' from 1
to 2 has been observed. However, the mechanism was not conclusive, only possibly
attributed to the formation of a sample spanning network. Aamir et. al. and Gaines et. al.
proved that incorporating additives with multiple hydrogen bonding results in the
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formation of a weak gel structure in entangled homopolymer melts and microphase
separated BCPs respectively.1 17 The frequency dependent storage modulus G'() and loss
modulus G''() revealed a transition from liquid to a solid state where G' was frequency
independent and much larger in magnitude compared to G'' implying the formation of a
weak gel. While significant, the temperature dependent relaxations of the hydrogen
bonded BCP were not described or analyzed in detail.
In this work, we report the quantitative impact of hydrogen bonding on the linear
viscoelastic properties temperature dependent relaxation patterns in microphase separated
brush block copolymers (BBCP) composites with small molecule supramolecular
additives. BBCPs are a class of polymers with discrete block segments of densely grafted
polymer chains covalently attached to a central backbone.22 BBCPs offer a wide range of
interesting properties due to their unique architecture such as large domain spacings, long
range order and large entanglement molecular weight.22 23 24 Song et. al. took the advantage
of the unique properties to accommodate very high loadings of nanoparticles compared to
the capacity in traditional linear BCP templates.18 The assembly strategy paved a path
towards the development of materials with enhanced optical and magnetic properties. Only
recently, have the mechanical properties of these composited been considered. The reduced
chain entanglements result in a liquid-like rheological behavior where the architecture
governs the relaxations.25 The distinct relaxations are coupled to the free side chain end
within the domain (intradomain dynamics) as well as a cooperative relaxation of the global
morphology. Therefore, the addition of additives to a microphase separated domain and
introduction of physical crosslinking should significantly modify the relaxation
mechanism. Therefore, it is necessary to study in detail the effect of hydrogen bonding on
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the material properties of BBCPs. This helps for better understanding of relaxations at
different time scales which aids in the development of materials for new applications.
3.2 Materials and Characterization
3.2.1 Sample Preparation
A lamellar forming poly(tert butyl acrylate)-block-poly(ethylene oxide) (PtBA-bPEO) BBCP was synthesized following the procedure given in literature. 26 27 28 Briefly,
sequential ring opening metathesis polymerization (ROMP) was used to polymerize
norbornene functionalized macromonomers (-NB MM). PtBA was chosen for its low Tg,
which facilitates and accessible temperature window during rheology characterization.
The PEO domain acts as a hydrogen bond accepting domain for complexation with the
hydrogen bonding additive. Significant χ between PtBA and PEO results in strongly
microphase segregation. The composition of PEO in the BBCP was designed to be fPEO =
0.4. The side chain molecular weight is low in both blocks to reduce chain entanglements
(PtBA-NB MM Mn = 5.6 kg/mol, PEO-NB MM Mn = 5kg/mol). Benzene hexacarboxylic
acid (6COOH), benzene pentacarboxylic acid (5COOH) and benzene- 1,2,3 tricarboxylic
acid (3COOH) were chosen as hydrogen bonding additives because of their strong
hydrogen bonding ability towards PEO (Figure 3.1).16 29
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Figure 3.1 PtBA-b-PEO brush block copolymer template. Additives used in this study
(a) benzene hexacarboxylic acid (6COOH) (b) benzene pentacarboxylic acid (5COOH)
and (c) benzene 1,2,3, tricarboxylic acid (3COOH).
A solution casting technique was used to prepare the polymer composites.
Dimethylformamide (DMF) was used as a common solvent for additives and BBCP. A 10
wt. % polymer solution and was prepared separately in DMF and later blended with a
solution of additive in DMF such that the overall concentration of additives is 0, 10, 20 and
30 wt. % with respect to the total solids mass. The composite solution was drop cast onto
a glass slide and while the solvent evaporated under nitrogen atmosphere. The dried films
were further dried under vacuum for 24 hr. The samples were removed and secured into a
metal washer and thermally annealed at 100 °C for 4 h under vacuum. The nomenclature
used in this study is additive name followed by concentration of the additive in BBCP, for
example, 6COOH10 denotes BBCP with 10 wt.% of 6COOH additive.
3.2.2 Characterization
The metal washers containing composites were sealed in Kapton tape. The selfassembly of the composites was determined using small/wide angle X-ray scattering
(SAXS/WAXS) on a SAXSLab Ganesha. The thermal properties (melting temperature
and melting enthalpy) of the composites were characterized using a TA instruments Q100
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DSC. Approximately 5-10 mg of composite sample was filled in an aluminum pan and
heat flow was measured in the temperature range of 10 – 90 °C with a constant heating rate
of 5 °C/min. All the data presented in this work was collected during the second heating
cycle and was normalized with respect to total composite weight. The dynamic response
of the composites was determined by small angle oscillatory shear experiment conducted
using a Malvern Kinexus rheometer. The data was collected for frequencies ω = 1- 100
rad/s at a temperature range of 50-140 °C with a 10 °C interval. The temperatures chosen
here are above the melting and glass transition temperatures of the PEO and PtBA,
respectively.
3.3 Results and Discussion
3.3.1 Self-Assembly in Composites
The overall morphology of the composite materials was investigated by SAXS. The
addition of small molecule additives is expected to increase the volume fraction of the PEO
domain as well as enhance the effective  parameter between the two domains.16

The

observation of a strong primary peak (q*) in all the composites indicates a microphase
segregation. The ordered morphology is resolved by the presence of a second order
scattering peak (q2) at a peak position ratio of q*: q2=1:2 (Figure 3.2), suggesting lamellar
morphology. The composites with 3COOH do not show a second order scattering peak.
Overall, the addition of hydrogen bonding additives did not disrupt the self-assembled
morphology of the pristine block copolymer. However, the position of q* shifts to a lower
value which can be attributed to an increase in segregation strength. 16 29 The stretching of
PEO side chains to accommodate the small molecules influences the entropic penalties
which increases the segregation strength.29 The change in the position of q* corresponds
56

to the lamellar domain spacing (𝑑 = 2𝜋⁄𝑞 ∗) and is dependent on the number of hydrogen
bonding moieties. A maximum increase in d occurs for composites with 6COOH additives
at 30 wt.%, where d increases 49 %, followed by 5COOH at 30 wt.% and 3COOH at 30
wt.% with 33.45% and 31% change in lamellar spacing, respectively. We understand from
previous studies that small molecule additives primarily hydrogen bond with the PEO side
chains in the BCP microdomains, therefore impedes crystallization.16

29 30 31

The crystal

structure is characterized using WAXS.
3.3.2 PEO Crystallization in Composites
The WAXS reflections from (120), (032), (024), and (131) planes are observed in
neat BBCP at q = 1.34, 1.62, 1.80 and 1.88 A°-1, typical of the unit cell for PEO (Figure
3.2). As the concentration of additives increased, the WAXS peaks decreases, suggesting
strong hydrogen bonding between the small molecules and the PEO chains are disrupting
the formation of such an ordered structure. The crystallization suppression is further
supported by tracking the melting enthalpies in the composite systems using DSC (Figure
3.3). A threshold addition of 20 wt. % of 6COOH completely inhibits crystallization
according to both WAXS and DSC. Both complementary techniques are necessary to
resolve the role of crystallization suppression in the family of composites. For example,
for 20 wt. % 5COOH composites, the WAXS data suggests that there is still the presence
of crystals in PEO microdomain as peaks from 120 and 032 plane are still observed in the
spectra. However, the DSC trace does not show an endothermic even upon heating. This
discrepancy could be due to the inhomogeneity or presence of grains. Small crystalline
grains may still scatter in WAXS, while the mass content may not be large enough for the
sensitivity of DSC. For 3COOH composites, the crystallization is completely inhibited
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Figure 3.2 SAXS and WAXS profiles of neat and composites at room temperature. The
profiles are vertically shifted for clarity. The composites self-assemble into lamellar
morphology with a secondary reflection at 2q*.
only at the highest concentration of 30 wt. % which suggests that the hydrogen bonding
interactions with PEO are weaker compared to that of 6COOH and 5COOH. The trend in
crystallization suppression is expected, as the number of hydrogen bonding moieties
normalized by the mass of additive is smallest for the 3COOH. For a given weight of
additives, the carboxyl groups present in 6COOH composites is 1.6 times of carboxyl
groups found in 3COOH. Therefore, the total amount of hydrogen bonding sites at 30
wt.% addition is much less for 3COOH than 5COOH and 6COOH.
3.3.3 Linear Viscoelasticity
The viscoelasticity of the bulk composites was determined by small amplitude oscillatory
shear rheology in a parallel plate rheometer. The storage (G') and loss modulus (G'') were
measured over a wide frequency range at a series of temperatures in the melt state.

58

Figure 3.3 DSC thermographs depicting normalized melting enthalpies (normalized with
respect to the weight of PEO) for neat and composites. The thermographs are vertically
shifted to avoid overlap and shifting factors are given in parenthesis.
Figure 3.4 shows the dynamic response at 140 C. For pristine BBCP sample at 140 C, the
magnitude of the loss modulus is larger than the storage modulus indicating that the neat
block copolymer is viscously dominated over the entire frequency range. The same trend
is observed for composite materials with additive loading of 10 wt. %, however the total
magnitude of G' and G'' is increased. The tanδ (G''/ G'), which is a measure of the elasticviscous characteristic at each frequency and is greater than one reflecting the viscous
nature. With an increase in additive loading to 20 wt. %, the tanδ decreases and now
becomes less than one over the entire frequency range for 6COOH composites, indicating
enhanced elasticity behavior.

Additionally, tanδ for 30 wt. % 6COOH composites

approaches a constant value over the frequency range which is a characteristic of materials
at the gel point.17 G' starts to plateau to a constant value at the lower frequencies as well,
indicating that a solid like structure is forming that is able to hold stress over long
experimental timescales. The tanδ for 5COOH and 3COOH composites are not constant
over the frequency; however, tanδ values decrease with additive concentration. Overall,
tanδ < 1 in the lower frequency regime for these composites indicate enhancement in the
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elasticity of the composites compared to the pristine polymer. The rheological response
highlights the physical crosslinking induced by the addition of hydrogen bonding moieties.

Figure 3.4 Dynamic moduli response and tanδ plots for the neat and composite materials
at 140 °C. The storage modulus (G') is given by closed circles and loss modulus (G'') is
given by open circles.
The variation of the low frequency plateau of G' with increasing additive
concentration is presented in Figure 3.4. The onset of G' increase occurs at different
concentrations of additives depending on the number of hydrogen bonding sites. An
additive loading of 10 wt.% resulted in ~ 190 % and 76 % increase in elastic modulus for
6COOH and 5COOH, respectively. For 3 COOH samples, the G' starts to increase at 20
wt. % concentration. Of all the additives and loadings considered in this work, 6COOH30
has been most effective in increasing G' by 2 orders of magnitude (~ 6200 %) which can
be attributed to its strong hydrogen bonding strength and its ability to hydrogen bond with
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multiple PEO chains resulting in the formation of physical network formation. The least
effective is the BBCP with 3COOH10 and this could be due to a more discrete structure
formation rather than the interconnected network found in 6COOH and 5COOH systems.
However, increasing the concentration of 3COOH to 30 Wt.%, resulted in ~ 331 % increase
of elastic modulus which is equivalent to an increase in G' for 20 wt. % of 5COOH and ~
11 wt. % of 6COOH. Further, a power law scaling was used to study the effect of different
additives on the storage modulus of the BBCP. Figure 3.5 gives the increase in storage
modulus at the lowest frequency and highest temperature (1 rad/s and 140 °C) with the
concentration of additives. The power law scaling exponent for 6COOH composites is
almost 3 times higher than the other additives (G~c13, c is the small molecule concentration
in the BBCP (wt.%)). It is interesting to note that the 5COOH and 3COOH behave much
similarly where as 6COOH composites show enhanced performance. This implies that the
6COOH is more effective in immobilizing the PEO side chains, increasing the storage
modulus. The scaling also suggests that any small change in additive concentration can
result in a drastic change in storage modulus.
Suprisingly, the neat and composite materials appear to obey the time-temperature
superposition principle. Therefore, master curves of G' and G'' were constructed for a
shifted frequency (aTω) at a reference temperature Tref = 140 °C and are presented in Figure
5. The master curves reveal the frequency dependence of G' and G'' over the a much larger
frequency range. Though it is evident from the master curves that the neat BBCP is
viscously dominated over the entire frequency range, but it does not reach the classical
liquid behavior (G'~ ω2 and G'' ~ ω1) even at the lowest accessible frequency regime. The
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Figure 3.5 Variation of G' (lowest frequency at 140 °C) with respect to additive
concentration for different additives depicted in log-log plot.
effect of hydrogen bonding additives on the dynamic moduli response of the BBCP is
dependent on the number of hydrogen bonding sites. For composites composed of 6COOH
additives, there is a transition from viscously dominated to elastically dominated behavior
but the dynamic response of composite material with 10 wt. % 6COOH resembles that of
a neat BBCP. The loss modulus (G'') dominates over the entire frequency regime implying
viscously dominating behavior with an increase in both loss and storage modulus. Further,
increase in the concentration of 6COOH to 20 and 30 wt. % in the composite films changes
the dynamics from viscously dominated to elastically dominated. However, the dynamic
modulus response of 5COOH and 3COOH composites is different compared to that of
6COOH. The slight increase in G' and G'' is evident over all the frequency ranges for
5COOH composites and in lower frequency regime (1-100 rad/s) for 3COOH. Though G'
and G'' increases with increase in additive concentration, the viscously dominated behavior
of neat BBCP is persistent. Any crossover frequency, the frequency at which crossover
between G' and G'' occurs, for the neat BBCP is not evident for the frequency regime chosen
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for this study (1- 108 rad/s). As the 5COOH and 3COOH concentration increases,
crossover frequencies become more noticeable and increases with the additive which is not
observed for 6COOH composites.

Figure 3.6 Master curves of G' (closed circles) and G''(open circles) of composites for T
= 50 to 140 °C with Tref = 140 °C. The curves are vertically shifted to avoid overlap and
the shift factors are given in parenthesis.
The effect of 6COOH on the BBCP is more evident in the plots of complex viscosity (ƞ*)
vs. complex modulus (G*) which qualitatively describes the liquid-solid transitions (figure
3.7).32 The smaller negative slope of the neat BBCP increases with the concentration of
additives. The trend clearly suggests that the neat BBCP changes from a soft solid (smaller
negative slope) to a hard solid (larger negative slope) with the addition of additives. For
20 and 30 wt. % 6COOH composites, the distinct relaxations found in neat BBCP and 10
wt. % 6COOH changes to a single relaxation. This indicates that the strong hydrogen
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bonding of 6COOH additives with the PEO makes it more solid like and its effect is seen
over most of the frequencies. However, this is not true with the other composite materials
(5COOH and 3COOH). The slopes of these composites are similar to that of the neat
BBCP for all the additive concentrations. Therefore, the composite materials are also soft
solids like the neat BBCP. All of the curves appear to generally converge at the high
modulus regime (lower right side of the plot), corresponding to the highest frequency
response. The addition of small molecule does not impact the fast relaxation processes.

Figure 3.7 Plots of complex viscosity versus complex modulus showing liquid - solid
transitions for composite materials constructed using the dynamic modulus response.
3.3.4 Relaxation Time Spectra
An alternative method of describing the relaxations in composite materials over
different time scales is through the relaxation time spectra analysis H(𝜏) (Figure 3.8). The
H(𝜏) describes the relaxation strengths as a function of relaxation time from 0 < 𝜏 < 𝜏𝑚𝑎𝑥 ,
where 𝜏𝑚𝑎𝑥 is the longest relaxation time. The H(𝜏) is a positive valued function and at
times above 𝜏𝑚𝑎𝑥 , the spectrum takes a zero value. The relaxation exponent n is negative

64

Figure 3.8 Relaxation time spectrum H(τ) for the composite materials at Tref = 140 °C
according to Baumgaertel and Winter.33 Data points represent the calculated spectra of
each composite. The solid line is the fit to dual power law model. The spectra are
vertically shifted and the shift factors are given in parenthesis. The inset depicts the
relaxation time spectra without vertical shift.

and describes power law behavior over the appropriate time regime. At the extreme limit
of solid behavior, n = 0. The longest relaxation 𝜏𝑚𝑎𝑥 corresponds to the relaxations of the
largest structure. Yavitt et. al. used a dual power law, superimposition of two power law
models, to describe the dynamics of neat BBCPs.25 The different relaxations processes
could be characterized using dual power law scaling, where power law exponents n1 and
n2 represent short and long time scale relaxations processes respectively. The faster scaling
(n1) corresponds to the interdomain relaxations or rearrangement of the side chains and the
internal slip layer dynamics. The slower dynamics (n2) are attributed to relaxations of
global morphology and interface. Here, we fit the dual power law for neat BBCP dynamics
and composites. Consistent with previous results, the dynamics of 5COOH and 3COOH
composites is very similar to the neat BBCP (Table 3.2). However, the dynamics of
6COOH composites are quite different from the neat BBCP (Table 3.1). The power law
scaling both at short and long times increase with the additive concentration.
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Table 3.1 Dual power law parameters or BBCP/6COOH composites determined using
the dual power law scaling.
6COOH
H0(P)

H1(Pa)

𝛕1(s)

n1

H2(Pa)

𝛕2(s)

n2

(%)
0

2.34x101 4.18x106

1.23x10-6

0.89

2.62x104

2.95x10-4

0.72

10

3.79x101 6.65x106

1.70x10-8

0.82

1.28x104

5.20x10-4

0.80

20

8.70x102 3.38x106

6.30x10-8

0.59

3.62x104

2.90x10-4

0.55

30

9.76x102 4.38x106

1.90x10-8

0.52

5.36x104

3.56x10-4

0.50

For 30 wt. % 6COOH composites, the two relaxations almost merge to one with power law
scaling. A single power law with scaling of n=0.5 is used to describe the relaxations.
Therefore, it is reasonable to say that the hydrogen bonding impacted the relaxations at
different length scales. The lower time scale relaxations characterized by n1 corresponds
to the intradomain relaxations such as those related to the sidechains of the domains. The
decrease in the value of n1 can be attributed to the strong hydrogen bonding of the additives
which restrict the free movement of the PEO side chains. In the neat BBCP, the free chain
ends slide through each other in the internal slip layer (ISL) and contribute to n1 scaling in
the dual power law. In 6COOH composites, the movement of free chain ends in the ISL
are restricted by hydrogen bonding with the additives. We expect that the multiple
hydrogen bonding sites and strong hydrogen bonding capability of the 6COOH additives
hydrogen bond with PEO of neighboring chains in the ISL and PEO domain, creating a
physical crosslinking like network resulting in the disappearance of slip layer (Figure 3.9).
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Figure 3.9 Schematic depicting the internal slip layers and physical crosslinking in neat
and 6COOH20/30 composites.
As previously described, the addition of small molecules also increases the χ
between the PtBA and PEO domains, likely reducing the interfacial area and increasing the
domain thickness. We observed such a phenomenon in the SAXS spectra of the composite
materials. The 6COOH30 composite has a highest % increase in domain spacing implying
that the interface thickness decreases the most. Lower interfacial thickness reduces the
interface relaxation times. This should result in the faster relaxations in the long-time
scales and can be characterized by an increase in n2. This is observed for 6COOH10
composite materials where additives hydrogen bond with PEO decreasing the interface
thickness, but their concentration may not be enough to form a crosslinked network across
the slip layer in PEO domain.
A further increase in additive concentration is accompanied by a decrease in not
only n1 but also n2. Though increasing additive concentration decreases the PtBA-PEO
interface relaxation times; it would also eliminate the slip layer in the PEO domain. This
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results in only one significant slip layer in the PtBA domain. Meanwhile, the thickness of
the domain (x – Figure 3.9) increases between two slip layers. This further results in
increased viscosity within the slip layer, increasing the relaxation time. We expect the
increase in relaxation time is much higher compared to decrease in interface relaxation
Table 3.2 Power law scaling for the composites calculated by dual power law spectrum.
The power law scaling exponent n1 and n2 for NEAT BBCP are 0.89 and 0.72, respectively.
* - A single power law scaling is used to describe the relaxations and the n1 = n = 0.5.

time. Therefore, the dynamics become slower and the power law scaling in the long-time
scales decrease. The increased thickness slows down the relaxations in the slip layer
because the larger viscosity dominates the response at those time scales. The 5COOH and
3COOH relax similarly to the neat BBCP. The n1 for these composites decreases with an
increase in additive concentration, but the change is not as drastic when compared to
6COOH. We also observe that the n2 increases with additive concentration, suggesting a
decrease in interfacial relaxation time. These results complement the results from SAXS
and the power law scaling of G' versus additive concentration.
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It is evident that the addition of hydrogen bonding additives imparts solid like
characteristics to the BBCP both at low and high temperatures. We experimentally prove
that the hydrogen bonding being one of the weakest secondary interaction when added to
the BBCP can still affect their relaxations in the melt.

The size and structural

monodispersity of small molecules provides precise control over the functionality, type
and number of hydrogen bonding sites allowing for a systematic study. We expect that
these experimental findings represent a starting point for design of other composite
materials such as polymer and nanoparticle blends. The nanoparticles modified with
ligands that can hydrogen bond with one of the domains promote self-assembly and can
also enhance functional and mechanical properties. Further, the temperature dependent
nature of hydrogen bonding can be utilized to synthesize reversible physical gel like
materials with enhanced mechanical properties. The results of this study play a major role
in developing such reversible systems and in their processing. The effect of additives on
the shorter and longer time scale relaxations also provides an insight to supramolecular
polymer systems.
3.4 Conclusion
The hydrogen bonding additive preferentially assembles in the PEO domain
because of the strong interactions between the PEO side chains and the additives. An
increase in storage modulus is observed with increase in additive concentration and the
change in modulus is dependent on the additive concentration and number of hydrogen
bonding sites per additive. The 6COOH30 composite result in ~ 6200 % increase in the
low frequency plateau storage modulus. The strong hydrogen bonding strength and
multiple hydrogen bonding sites of 6COOH results in strong interactions with multiple side
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chains creating a physically crosslinked network throughout the PEO domain. The network
like structure imparts harder solid like characteristics and effect the relaxations across short
and long timescales. The relaxation time spectra analysis suggests that the 6COOH30
composite can be describe by a single power law with a scaling exponent of ~ 0.5. The
addition of hydrogen bonding moieties changes the dynamics of the neat polymer and make
them suitable for wide range of applications such as stimuli responsive materials, drug
delivery vehicles, and self-healing supramolecular polymers.
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CHAPTER 4
GOLD NANOROD COMPOSITES: SYNTHESIS AND CHALLENGES
4.1 Introduction
4.1.1 Polymer Nanocomposites
The addition of nanoparticles into a polymer matrix has gained a lot of attention
due to the wide range of properties the metallic nanoparticles had to offer and the ease of
fabrication or processability of the polymers.

Polymer nanocomposites are high-

performance materials which exhibit an unusual combination of properties.1, 2, 3 Materials
at the nanoscale exhibit higher reactivity, conductivity, elasticity, and greater strength.3 It
has been reported that the property of the polymer matrix can dramatically be enhanced
when these nanoparticles are incorporated into the matrix.3, 4

The properties of these

materials depend not only on the type of the metal but also on their size and shape. 4
Nanoparticles/nanospheres are the most commonly and widely studied shape.5, 6, 7, 8, 9, 10,
11, 12

However, nanorods have gained a lot of focus recently due to their nonlinear

properties and better tunability of optical and electrical properties.13 14 The homogeneous
distribution of nanoparticles is an important factor in achieving the desired properties.12
Despite the advantages of these nanorods over nanoparticles, their assembly in
block copolymers is less studied. This can be attributed to their high aspect ratio structure
which requires higher domain spacings in block copolymers achieved by higher molecular
weight systems. However, higher molecular weight polymers result in entanglements
making the polymer processing difficult.15 The entanglements effect the incorporation of
nanorods into domains, hence the nanorods tend to agglomerate or macrophase separate.
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The entanglements also result in decreased device performance.16

17

Using bottle brush

block copolymers as a template can address this issue because, the steric hindrance from
the neighboring sidechains prevent entanglements even for higher molecular weight
polymers.18

19 20

The BBCP self-assemble into well-ordered domains with large periodic

spacings which make them suitable for nanorod composites.20
Nanostructures of metals like iron oxide, silver and gold with different shapes have
been reported in literature.21

22 23 24

Among all these shapes and metals, gold nanorods

(AuNR) have gained a lot of interest due to their exceptional and tunable optical properties
which can be described by Mie-Gans theory.25 For example, by just changing the aspect
ratio of these nanorods, one can change the resonance wavelength ranging from visible to
infrared region.26 This is clearly visible from the color change of the nanorods with the
change in aspect ratio.27 The longitudinal surface plasmon is near Infra-red region. This
surface plasmon is sensitive to the changes in refractive index making them more suitable
for optical sensing.
4.1.2 Synthesis of Gold Nanorods
This section provides an overview of synthesis methods for gold nanorods. Four main
methods were reported in the literature for the synthesis of AuNR.
4.1.2.1 Template Method
The synthesis of gold nanorods was first reported by Martin et al. in the year 1992.28
In this method, gold is electrochemically deposited in the pores of alumina or porous
polycarbonate film, which acts as a template (Figure 4.1).29 Prior to deposition, the
template is sputtered with a small amount of silver or copper to make it conductive. After
the deposition, a selective dissolution of the template is carried out in presence of
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poly(vinylpyrrolidone) (PVP). The PVP also helps in the dispersion of gold nanorods in
water. The aspect ratio of the AuNRs can be controlled by the amount of the gold deposited
and the pore diameter of the alumina or polycarbonate template. The disadvantage of this
process is its low yield.

Figure 4.1 (a) and (b) SEM image of alumina template/membrane (c) Illustration of
different steps involved in the synthesis of gold nanorods via template membrane and (d)
TEM images of different aspect ratio gold nanorods (adapted from reference 29).
4.1.2.2 Electrochemical Method
The electrochemical method was first published by Wang et. al.30 A gold plate
which acts as a sacrificial anode and a platinum plate as a cathode was immersed in
Cetyltriammonium bromide (CTAB) electrolyte (Figure 4.2).

31

A small amount of more

hydrophobic cosurfactant tetradodecylammonium bromide was also added to the
electrolyte solution. The gold anode oxidizes to form ions, which interact with the
cosurfactant to form complexes. The reduction of these anions occurs at the cathode. The
authors also reported that placing a silver plate in the electrolyte solution affects the
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nanorod growth. This process offers higher yield compared to template method however,
it is very tedious.

Figure 4.2 (a) Illustration of gold nanorod synthesis via electrochemical synthesis; VA –
power supply, G-electrochemical glass cell, T-teflon spacer, S- electrode holder, Uultrasonic cleaner, A- anode and C-cathode. (b) TEM of the different aspect ratio gold
nanorods synthesized via electrochemical synthesis (adapted from reference 30).
4.1.2.3 Seeded Growth Method
Seed-mediated growth method is a convenient and wet chemical process.32 33 This
method uses gold nanoparticles (3-5 nm) as a seed to grow nanorods. In brief, CTAB
stabilized seed particles were obtained by reduction of chloroauric acid using sodium
borohydride. After a certain growth time, the seed solution was added to a growth solution
containing CTAB, chloroauric acid (gold source), silver nitrate and a mild reducing agent,
ascorbic acid (Figure 4.3). The solution was allowed to grow for at least 3 h. It was
reported that the CTAB above its second critical micellar concentration forms cylindrical
micelles which promote the growth of nanorods. The aspect ratio of AuNR can be
controlled by varying the concentrations of CTAB, silver nitrate and growth time.33
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Modifications to this method were also reported which include replacing ascorbic acid by
hydroquinone. Hydroquinone, being a mild reducing agent than ascorbic acid results in
slower growth of AuNR. This also leads to a high-quality AuNR and nearly 100 %
conversion of gold into nanorods.

Figure 4.3 Schematic representation of formation of CTAB bilayer at CTAB
concentrations above its double critical micellar concentration and formation of gold
nanorods adapted from reference 35.
4.1.2.4 Photochemical Process
Photochemical reduction of gold ions in a solution of CTAB was first discovered
by Yang et al.36 In this process, a UV light can be used to irradiate a solution of CTAB,
silver nitrate and chloroauric acid. A two-step process which includes both chemical
reduction and a UV source to irradiate the growth solution was reported by Yamada et al.36
Ascorbic acid is used to reduce the gold ions and UV light is used to speed up the growth
process in growth solution.
4.2 Experimental Section
4.2.1 Project Goal
The goal of this was to synthesize gold nanorods of different aspect ratios using
seeded growth method, surface modify them by replacing CTAB with PEG or other
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molecules and prepare composite films by blending them with PS-PEO bottle-brush block
copolymer. We wish to take advantage of faster self-assembly dynamics and large domain
spacings of BBCPs to incorporate gold nanorods. We wish to provide an insight into the
role of the nanorod aspect ratio and particle-polymer interaction in the self-assembly of
BBCP composites.
4.2.2 Materials Selection
A lamellar forming Poly(styrene)-block-poly(ethylene oxide) diblock BBCP was
synthesized using sequential ring opening metathesis (ROMP) following the established
procedure. The molecular weight of side chains is kept low to avoid entanglement among
and to maintain the molecular mobility. PS-PEO was chosen because of the ability of the
PEO to hydrogen bond with the ligands on the surface of nanorods. The phase behavior
and the effect of hydrogen bonding on the self-assembly was understood and detailed in
the previous chapter. Therefore, we could use the understanding from the previous studies
to deal with a bigger problem of self-assembly of nanorods in BBCPs. The molecular
weight of the PS-PEO is ~ 800 kg/mol and the BBCP self-assembles into a lamellar
morphology with a periodic spacing of ~ 90 nm which is confirmed by TEM (Figure 4.4).
4.2.3 Synthesis of AuNR
Owing to its advantages, Seeded-growth method was chosen to synthesize gold
nanorods. As discussed earlier, this is a two-step process involving the synthesis of seed
and using the seed solution to grow nanorods. The details of seed solution and growth
solution are given below.
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Seed Solution: 0.20 ml of 0.01 M chloroauric acid was added to 5 ml of 0.1 M CTAB
solution in DI water. To the CTAB solution, 0.6 ml of sodium borohydride (0.01M)
solution prepared using ice cold water was added. Formation of seed can be characterized
by change in color of the solution from yellow to brown. The seed solution was made to
mature for 2 h.
Growth solution: 180 ml of 0.1 M CTAB solution was prepared and to this solution 1.7 ml
of 0.01 M chloroauric acid, 0.25 ml of 0.01 M silver nitrate, and 0.25 ml of 0.1 M ascorbic
acid was added. After 2 minutes of mixing, 0.42 ml of seed solution was added. The
growth solution was aged for next 6 h. The resultant AuNR was washed several times
using DI water.
Though, the synthesis was previously described in literature, it was difficult to achieve
perfect nanorods. There were many failed attempts and many parameters such as the
concentration of silver nitrate, gold source, seed and CTAB, and growth time were varied.
However, none of the above methods resulted in AuNR. The one crucial thing which made
a difference is the dissolution of CTAB in water. Though the CTAB solution looked clear,
the CTAB crystallized on the addition of the silver nitrate to the growth solution. For the
complete dissolution of the CTAB in DI water, the solution was sonicated at 40 °C for 30
min. The solution was cooled to room temperature before adding other reagents. This
proved to be very important in the successful synthesis of nanorods.
4.2.4 Surface modification
Seeded growth method used in this study to synthesize gold nanorods involves the
use of surfactant - CTAB. In addition to acting as a rod inducing surfactant, CTAB also
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stabilizes the surface of nanorods. The positively charged CTAB readily and strongly
attaches to surface of the AuNR. In this study different ligands were used such as PEG,
mercaptoundeconic acd and poly(vinyl phenol) to replace CTAB. In a typical surface
modification process, excess ligand is added to the CTAB-AuNR solution and is
magnetically stirred for 2-3 days. After the surface modification, the AuNR solution is
centrifuged to remove excess ligand. However, we found that during the purification
technique, the gold gets plated on the centrifuge tube or the resultant modified nanorods
were not dispersible in DMF.
To ensure complete replacement of CTAB, a new method of surface modification
has been used. A solution of thiol terminated PEG (5 kg/mol and 10 kg/mol) was added to
a solution of CTAB capped AuNR in DI Water. The solution is sonicated for 30 min and
refluxed at 40 °C for 24 h. After 24 h of reaction, the AuNR solution was centrifuged and
redispersed in DMF. The dispersion looks clear and stable. The as-synthesized and surface
modified nanorods were characterized using TEM, FTIR and UV-vis spectroscopy.
4.2.5 Composite Preparation
The surface modified AuNRs were solution blended with PS-PEO BBCP in DMF.
A dispersion of 5 and 10 wt. % of PEG coated AuNR in DMF was added to 2 wt. % PSPEO solution. The above dispersion was magnetically stirred for 24 h under nitrogen
atmosphere. The solution was later drop casted on to a glass slide and the solvent was
evaporated under nitrogen atmosphere. The resulting films were processed via thermal and
solvent annealing. The morphology of the films was determined using SAXS and TEM.
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4.3 Results and Discussion
The AuNR synthesis was a crucial part of this study and as mentioned earlier it was
very challenging. It is evident that the CTAB plays an important role in the synthesis and
during the surface modification. The as synthesized nanorods were characterized using
UV-visible spectroscopy and TEM (Figure 4.4). The two peaks in UV-visible spectrum
are due to the split of surface plasma into two distinct modes.

The peak at the higher

wavelength (700 nm) was due to longitudinal resonance and the one at 508 nm is due to

Figure 4.4 UV-vis spectroscopy and TEM image of as-synthesized AuNR. Both UV-vis
and TEM confirm the synthesis of high aspect ratio AuNR.
transverse mode. It is evident from the TEM image that there are other shapes present and
the yield was not 100 %. However, the yield of other shapes might be very low that there
is no absorption recorded in UV-visible spectroscopy (no extra peaks). The Aspect ratio
of the AuNRs is ~6:1 (length ~ 40 nm and diameter ~ 7 nm). The as synthesized nanorods
were purified to remove excess CTAB which is important for further processing. The
purification process involves washing the nanorods with DI water several times followed
by centrifugation.

The temperature of centrifugation is crucial because at lower

temperatures, the CTAB crystallizes and settles down with AuNR in the centrifuge tubes.
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To avoid the crystallization of CTAB, the centrifugation was carried out at 29 °C or above
to make sure that the CTAB is dispersed in water. The centrifugation was done for atleast
5 times at 20000 rpm for 20 minutes.

Figure 4.5 FTIR of AuNR-CTAB and AuNR-PEG depicting the surface modification of
AUNR.
The AuNR were modified with PEG as discussed earlier. Figure 4.5 gives the FTIR of
AuNR-CTAB and AuNR-FTIR. The disappearance of absorption peaks at 2918 and 2850
cm-1, attributed to the vibrations of methylene group in CTAB, confirms the surface
modification of AuNR with PEG. Though FTIR confirms the presence of PEG it is not a
quantitative technique. Previous reports suggest that the complete removal of CTAB might
result in irreversible agglomeration of nanorods. The NMR study shows that the CTAB is
not replaced but the PEG occupies the empty surface area of the AuNR. The effect of PEG
ligand depends on the length of the PEG. If the PEG chain length is smaller than the CTAB
double layer, the effect fd PEG is shielded by CTAB and when the side chain is larger than
the CTAB, the effect of CTAB is shielded by PEG. Therefore, we used two different PEG
chains of 5 and 10 kg/mol. We observed that the dispersion of 5 and 10 kg/mol PEG coated
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AuNR in DMF is clear, indicating the shielding of CTAB. The enthalpic interaction
between PEO domain and AuNR-PEG is almost negligible. On addition of AuNR, the
PEO side chains of BBCP elongate to accommodate the nanorods and in doing so there
will be a loss of entropy. However, there is no change in enthalpic interaction to
compensate the change in entropy. This will result in an increase of the fee energy, which
is a disadvantage because that would result in unfavorable mixing. Therefore, promoting
enthalpic interactions is crucial for self-assembly of nanorods into PEO domain. Addition
of hydrogen bonding additives such as mellitic acid or benzene hexacarboxylic acid
(6COOH) can induce hydrogen bonding and promote self-assembly. It is evident from the
previous chapter that the 6COOH is the most effective hydrogen bonding additive and has
an ability to hydrogen bond with multiple side chains. Therefore, the use of 6COOH would
result in strong enthalpic interactions and has a function similar to that of a lubricant. The
concentration of 6COOH will also affect the self-assembly. Therefore, we varied the ratio
of concentration of nanorods to concentration of 6COOH (Table 4.1).
Table 4.1 Concentration of nanorod and 6COOH in the composites.

The composite systems were either thermally annealed or solvent annealed. The thermal
annealing is not used as a major annealing technique because the gold tends to agglomerate
at higher temperatures.

For annealing, the temperatures should be above the glass

transition and crystalline temperatures of both the blocks to promote the mobility of the
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chains to self-assemble into well-ordered structures. As the polymer used in this study is
PS-PEO, the annealing temperature should be above 110 °C, at which the gold nanorods

Figure 4.6 X-ray scattering data for the neat and nanorod composites. TA denotes
thermal annealing (composites annealed at 130 °C for 24 h in vacuum oven) and SA
denotes solvent annealing.
might agglomerate.

Therefore, we mostly used solvent annealing technique with

dichloromethane as a solvent. The primary peak in the SAXS profiles for neat BBCP
suggests a microphase segregation with a domain spacing of ~ 100 nm (Figure 4.6 a) which
was further confirmed by TEM (Figure 4.7). However, the solvent annealing for 3 days
did not promote phase segregation in composites. Therefore, the solvent annealing time
for composite S1 was increased to 5 and 7 days. The diffusion time for nanorods into PEO
domain are expected to be much higher compared to that of the nanospheres therefore
increasing the solvent annealing time can result in the self-assembly of nanorods in the
PEO domain. However, the SAXS shows no evidence of any phase segregation (Figure
4.6 b). The TEM images of the composites show that the nanorods did not self-assemble
into PEO domains but are macrophase segregated (Figure 4.7).
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Figure 4.7 TEM images of neat PS-PEO BBCP stained using ruthenium tetroxide and
composites S1 and S2.
It is evident that the BBCPs self-assemble into asymmetric lamellae irrespective of their
volume fraction and backbone. Though the periodic spacing of the pristine BBCP is 100
nm the PEO domain thickness is only ~ 30-35 nm. As depicted in figure 4.8, the nanorods
can assemble only in one direction: perpendicular to the backbone. However, for this to
happen the size of PEO side chain should be much larger than the diameter of the nanorods.
Moreover, the enthalpic interactions should compensate the entropic contributions towards
stretching the side chain and incorporation of gold nanorods. In this study, the size of the
PEO chain is ~ 3 nm and the diameter of the nanorods is ~ 7 nm. This could be the possible
reason for macrophase segregation. Increasing the side chain length could be an option,
however, increasing side chains length would also result in the entanglement of the
neighboring side chains. Undoubtedly, self-assembly of the nanorods into the BBCPs is
useful for optical applications with nonlinear properties. However, to solve this problem,
the self-assembly and interface of BBCP should be well understood. From this dissertation
and previous reports, we have a better understanding of BBCPs but there are many other
questions to be answered which will be discussed in chapter 5.
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Figure 4.8 Representation of failure of AuNR self-assembly in BBCP.
4.4 Conclusions
In this study we addressed all the challenges in the incorporation of gold nanorods
self-assembly in BBCP domains. It is evident that the CTAB plays a vital role in both
synthesis and surface modification of AuNR. It is still unclear if the CTAB can be replaced
permanently from the surface of the AuNR which determines the enthalpic interactions
with PEO domain. Though hydrogen bonding additive is added to increase the enthalpic
interaction, the nanorods macrophase separate. The macrophase separation is due to the
asymmetric lamellae formation and the lack of or very low enthalpic interactions. It is
evident that the interplay between these phenomenon plays an important role in selfassembly of AuNR composites.
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CHAPTER 5
SUMMARY AND OUTLOOK
5.1 Introduction
The results in this dissertation cover various aspects of newly developed BBCPs
such as thermally induced phase transitions, crystallization kinetics, composite design and
the rheological behavior. The results presented here contribute for better understanding of
these new class of BCPs. Also, we believe that findings in this dissertation will pave path
for new research on these materials. In this chapter, we describe the potential research
directions in the field of BBCP.
5.2 Effective χ and ODT
5.2.1 Introduction
In chapter 2 we utilized SAXS as a tool to study the domain structure, microphase
separation, temperature dependent phase behavior, the interface structure and the
crystallization kinetics. However, we couldn’t determine the (χN)ODT for the PS-b-PEO
BBCP over the temperature range 25-200 °C. The (χN)ODT for a symmetric linear dBCPs
predicted by the mean field theory is ~ 10.5. 1 However, the assumptions involved in the
predictions of mean field theory for LBCPs are expected to fail for BBCPs due to their
unique architecture. Moreover, the definition of the parameter describing the degree of
polymerization in LBCPs (N) is unclear when it comes to BBCPs.2 The difficulty in
quantifying N arises mainly due to the unique structural properties of the BBCPs like the
multiple length scales such as sidechain lengths and backbone length, and the over degree
of polymerization. 3
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It is evident from our results and the previous studies by Dalsin et. al. that the BBCP
systems are highly phase segregated and their TODT might be higher than their degradation
temperatures.

2

Therefore, it is still an open question to know what critical segregation

strength is required for an order-disorder transition. Accessing ODT in BBCPs might
answer questions relating to the segregation strength and the thermodynamic transition
which might shine light on the entropic and enthalpic contributions to the self-assembly of
the BBCPs. One way to access the ODT is to reduce the segregation strength. For a given
BBCP in SSL,4
𝜒𝑁 > (𝜒𝑁)𝑐

5.1

where c represents the critical value. If the 𝜒𝑁 is above the critical value, the microphase
segregated structure is thermodynamically stable. Microphase segregation can be avoided
by increasing the affinity between the two blocks by decreasing χ or N.5 For a given N, χ
can be decreased by the addition of solvents or changing the block chemistry.
𝜒𝑒𝑓𝑓 = 𝜒𝜙𝑝

5.2

where 𝜒𝑒𝑓𝑓 is the reduced interaction parameter of BCP in solvent, χ is the interaction
parameter for the pristine BBCP and 𝜙𝑝 is the concentration of the BBCP in the polymer
solution.6
5.2.2 Experiments
A lamellar forming symmetric PS-b-PEO of Mn ~ 280 kg/mol and Nbb of 52 was
synthesized by following the procedure given in literature. The solvent used is N-NDimethylformamide (DMF) is preferential for PEO and non-selective for PS. The
solubility parameters for PS, PEO and DMF are 8.7, 10.3 and 12.0, respectively. The DMF
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has a boiling point of ~ 155 °C. Polymer solution of 50 wt. % is prepared by melt blending
and transferred into a borosilicate capillary tube and flame sealed. SAXS Lab Ganesha
equipped with a Linkam heat stage to control the temperature.
5.2.3 Preliminary Results
The scattering data is collected at few different temperatures: T = 25, 100, 120 and
135 °C. It can be observed that the strong segregation between PS and PEO domains results
in a primary peak at 0.011 (Figure 5.1). The primary peak prevails even at 135 °C and the
FWHM of the primary peak remains almost constant at 0.08. However, we couldn’t go to
higher temperatures (> 135 °C) because the boiling point of DMF is ~ 154 °C. In Future
we would like to choose a different non-volatile solvent to access higher temperature.
Further we would like to conduct these experiments at Synchrotron to take the advantage
of precision and fast measurements.
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120 °C
135 °C

Intensity (a.u)

1

0.1

0.01

0.001

1E-4
0.05

0.10

q (Å-1)
Figure 5.1 Temperature SAXS of concentrated PS-PEO in DMF.
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5.3 Random Brush Copolymers
5.3.1 Introduction
There is no doubt that BBCPs continue to gain popularity due to their unique
properties such as long-range order, large domain spacing and rapid self-assembly. BBCPs
self-assemble into large structures with large domain spacings of hundreds of nanometers.
Large domain structures are of great importance and have potential use as dielectric or
photonic crystals.7
over LBCPS.

8 9

Undoubtedly, BBCPs have a lot of advantages and great potential

However, lithography is one area where BBCPs are not promising.

Nanolithography plays an important role in semiconductor device manufacturing.10
Directed self-assembly of BCPs provides a viable solution for design of sub 14 nm
patterns.11 Though, the long-range order and fast self-assembly dynamics of BBCP are
advantageous, self-assembling into larger domain spacings is on the downside. A sub 14
nm pattern using the directed self-assembly of BCPs is not reported in literature.

Figure 5.2 Illustration of conventional brush block copolymer and random brush
copolymer.
In our group, we recently synthesized a new kind of brush copolymer – called random
copolymer (Figure 5.2).
5.3.2 Experiments
The synthesis of the random copolymer is similar to that of BBCP.

The

macromonomers were synthesized following the procedure as in the synthesis of traditional
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BBCPs. The macromonomers were then randomly polymerized via ROMP. Kinetics play
an important role in the synthesis of random copolymers.

Figure 5.3 Illustrations of different reactions of macromonomers.
For the synthesis of random copolymer,
𝑘11 = 𝑘22

5.3

𝑘12 = 𝑘21

5.4

Where, 𝑘𝑥𝑦 represents the rate constant of the reaction between the x and y
macromonomers. In the study, we chose PS and PDMS (poly (dimethyl siloxane)) as the
macromonomers and varied the side chain lengths of PS (3.7 and 3.1 k) keeping PDMS
side chain length constant at 4.8 k. The PS and PDMS macromonomers were reacted
separately for different times. The change in monomer concentration is tracked using
NMR and results are presented in figure 5.4.
𝑑[𝑀𝑡 ]
𝑑𝑡

= 𝑘[𝐶][𝑀]

[𝑀 ]

ln [𝑀]𝑡 = 𝑘[𝐶]𝑡

5.5
5.6

Where t is the time, [𝑀] and [𝑀𝑡 ]are the initial concentration and concentration at time t
of the macromonomer, respectively.
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Figure 5.4 Concentration versus time plots for different side chain lengths of PS and
PDMS macromonomers. The data was obtained from NMR. It is evident from the NMR

Figure 5.5 (a) Illustration of self-assembly in random brushes and (b) SAXS of random
PS-PDMS.
results that the rate constants for the reactions of macromonomers are equal for the side
chain lengths of PS – 3.1k and PDMS of 4.8k. The macromonomers were randomly
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polymerized by varying the volume fraction of PS and PDMS. We synthesized five
different random brush polymers with varying volume fraction denoted as PS30, PS50,
PS60, PS70 and PS90 (30, 50, 60, 70 and 90 are the volume fraction of PS.
5.3.3 Preliminary Results
The X-ray scattering data were collected without any prior thermal treatment and
is given in figure 5.5b. A strong primary peak is observed at q ~ 0.05 Å-1 and the higher
order peaks observed for PS 50 and PS 70 suggest a lamellar morphology.

Figure 5.6 TEM of PS-PDMS random brush copolymers. The scale bar is 100 nm.

The TEM images clearly show a long-range order (Figure 5.6). The random brush
copolymers self-assemble into lamellar domain with spacings of ~ 16 nm. The volume
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fraction had almost no effect on the lamellar spacings because the periodic spacings in
these systems are determined by the side chain conformations. The high χ between the PS
and PDMS domain results in segregation of sidechains on either side of the backbone
(Figure 5.5a). Before we could take the advantage of smaller domain spacings and fast
ordering with no thermal treatment, lot of unanswered questions needs to be answered.
Understanding the thermodynamics of ordering will help in the processing of these
materials as a substrate for nanolithography.
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APPENDIX A
NMR AND GPC SPECTRA OF BOTTLE BRUSH COPOLYMER

Figure A. 1 1H-NMR spectrum of BBCPs used in phase behavior investigations (chapter
2).
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Figure A. 2 GPC traces of BBCPs used in phase behavior investigations (chapter 2).
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Figure A. 3 GPC trace of PtBA-PEO BBCP used in rheology studies (chapter 3).

Figure A. 4 1H-NMR spectrum of PtBA-PEO BBCP used in rheology studies (chapter
3).
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APPENDIX B
TIME AND TEMPERATURE RESOLVED X-RAY DATA FOR PS-PEO BBCP
(CHAPTER 1)
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Figure B. 1 Time and temperature resolved SAXS profiles for neat BBCPS (Chapter 2)
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Figure B. 2 Time and temperature resolved WAXS profiles for neat BBCPS during
heating and cooling ramps (Chapter 2)
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APPENDIX C
PYTHON CODE TO EVALUATE THE PRIMARY PEAK PARAMETERS FROM
SAXS DATA.
import os
os.chdir('C:/Users/niviju/Desktop/PS-F50/PS-F50_saxs')
import numpy as np
import matplotlib.pyplot as plt
import math
from scipy.optimize import curve_fit
import glob
import scipy.optimize
import pandas as pd
def func(x, a, b, c):
return a * x **(-b) + c
def gaussian(x, height, center, width, offset):
return height*np.exp(-(x-center)**2/(2*width**2)) + offset

df=pd.DataFrame({'a_clock':0, 'b_area':0, 'c_center':0, 'd_width':0,
'e_height':0,'f_scanid':0}, index=[0])

for file_name in (glob.glob("*.dat")):

[proj_name, clock, temp, expo_time, scan_no, file_format]=file_name.split(sep='_',
maxsplit=-1)
ttt=np.loadtxt(file_name, comments='#')

x_data = ttt[:,0]
y_data = ttt[:,2]
x_bkg = np.concatenate((ttt[:35,0], ttt[60:,0]), axis=0)
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y_bkg = np.concatenate((ttt[:35,2], ttt[60:,2]), axis=0)

#BKG subtraction
y = func(x_bkg, 0.00005, 2, 0.1)
popt, pcov = curve_fit(func, x_bkg, y_bkg)

y_data_sub = y_data-func(x_data, *popt)

#gaussian fitting
guess=[60, .0158, 0.002, 0]
errfunc = lambda p, x, y: gaussian(x, *p) - y
optim, success = scipy.optimize.leastsq(errfunc, guess[:], args=(x_data[35:80],
y_data_sub[35:80]))

#data output
area = abs(optim[0]*optim[2]*np.sqrt(2/np.pi))
print('The gassuain fitting results: height, center, width, offset :: {} and area
{}'.format(optim, area))
#plt.plot(ttt[35:80,0], ttt[35:80,2])
plt.plot(x_data[35:80], y_data_sub[35:80],'b*')
plt.plot(x_data[35:80], gaussian(x_data[35:80], *optim))#, c='b*', lable='gaussian fit')
plt.show()

data = pd.DataFrame({'a_clock':float(clock[:-1]), 'b_area':area, 'c_center':optim[1],
'd_width':optim[2], 'e_height':optim[0],'f_scanid':int(scan_no)}, index=[0])
df = df.append(data,ignore_index=True)
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